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Preface
The fourth edition of the Atlas of Amputations and Limb Deficiencies:
Surgical, Prosthetic, and Rehabilitation Principles represents the
continued commitment of the American Academy of Orthopaedic
Surgeons to patients with congenital or acquired limb loss and the medical
professionals who dedicate their lives to optimizing the functional
independence of this patient population. This new edition is divided into
three volumes: Volume 1–General Topics, Upper Limb; Volume 2–Lower
Limb, Management Issues; Volume 3–Pediatrics. We hope that this
presentation makes the book more user-friendly compared with a single
volume.
The recent conflicts in the Middle East have served to bring amputees and
the challenges that they face to the front pages of our newspapers and
magazines. We have leaned heavily on our military colleagues to bring
together in one text the latest surgical, prosthetic, and rehabilitation
methodologies, many of which were developed or refined over the past
decade. In addition to the need to meet simple, daily functional
requirements, this very motivated and demanding group of patients has
inspired the recognition of newly evolving techniques and tools to promote
sports participation and advanced rehabilitation. There is a new and
expanded focus on such rehabilitation, which is now viewed as a
continuous, integrated process.
The sections on osseointegration and transplantation have been expanded
because the science of these techniques has evolved since the publication
of the last edition of this text. An expanded section on pediatrics focuses
on current approaches and considerations for treating this special group of
patients.
Although all of the chapters in this fourth edition have been revised, we
hope, in particular, that the new and expanded chapters will enhance the
book’s usefulness to all members of the treatment team, including
surgeons (whether general, vascular, pediatric, plastic, or orthopaedic);
prosthetists; physiatrists; physical, occupational, and recreational

therapists; biomedical engineers; rehabilitation nurses; social workers; and
individuals with limb loss and their families. The goals of this
comprehensive text are, ultimately, to enhance and advance the care of
those living with congenital or acquired limb loss. The dedicated
involvement of all members of the treatment team is essential to the
success of this process.
The support of the Board of Directors of the American Academy of
Orthopaedic Surgeons has made this volume possible and is gratefully
acknowledged. The contributions of the authors and editors has been
enhanced by the work and commitment of the Academy’s publications
staff.
We trust that the reader will find this volume a valuable educational
resource.
Joseph Ivan Krajbich, MD
Michael S. Pinzur, MD
LTC Benjamin K. Potter, MD
Phillip M. Stevens, MEd, CPO
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Chapter 1

The Interwoven Histories of
Amputation Surgery and
Prosthetics
John H. Bowker, MD Charles H. Pritham, CPO

Abstract
Amputation and prosthetics have a long and interwoven history. Changes in
these fields have been unsteady over time, with advancements lost, sometimes
for centuries, because of political, social, and economic forces. The
evolutions in amputation and prosthetic design and the rehabilitation of
individuals with upper and lower limb loss is a fascinating and informative
narrative, reflecting both the worst attributes of humanity in formulating
weapons intended to inflict devastating injuries and the best intentions of
humanity in attempting to aid those affected by limb loss from wars,
conflicts, accidents, and diseases.

Keywords: amputation; amputee rehabilitation; analgesia;
anesthesia; history; orthopaedic surgery; peg-leg; prosthesis;
prosthetics
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Introduction
The distinct but interdependent fields of amputation surgery and
prosthetics have historical roots back to approximately 1800 BCE when,
according to the Rigveda, the Indian warrior-Queen Vishpla had her leg
amputated after a battle, was fitted with a prosthesis made of iron, and
subsequently returned to lead her troops. The oldest archaeologic evidence

of amputation dates to 45,000 years ago. A study of a male Neanderthal
skeleton found in present-day Iraq indicated that he had survived to age 40
years with an atrophic right transhumeral amputation.
The topics in this chapter include the evolution of amputation surgery
as well as the design and use of prostheses, the socioeconomic forces
affecting the provision of prostheses, amputee rehabilitation, and education
and training in amputation surgery and prosthetics. To present the many
changes that have occurred in these two fields over time, the developments
of prime interest to the amputation surgeon, rehabilitation physician,
prosthetist, therapists, and other members of the rehabilitation team are
examined separately. The political, social, and economic forces that have
influenced both advances and regression in these fields are included where
appropriate.

Indications for Amputation Surgery
Early surgeons were strongly influenced by the writings of Hippocrates
(460 to 377 BCE), the greatest medical authority of antiquity (Figure 1). In
addition to trauma, he considered gangrene the only other legitimate
indication for amputation. For such cases, he strongly recommended
cutting through insensate necrotic tissue, preferably the knee joint,
analogous to débridement, rather than a definitive procedure. Any
attendant bleeding was controlled by cauterization with hot irons. Battle
wounds were, of course, the most frequent indication for amputation,
leading Hippocrates to wisely observe that “war is the only proper school
for the surgeon,” because of the battle surgeon’s extensive exposure to a
wide variety of injuries inflicted by the cutting, piercing, and crushing
weapons used before the introduction of gunpowder. Although surgeons of
that time could do little for soldiers with severe wounds of the trunk or
head, they often encountered combatants with limb injuries whose lives
could, at times, be saved by amputation. Judicial amputation of criminals’
hands was also widely practiced, sanctioned by both the Babylonian Code
of Hammurabi (1792 to 1750 BCE) and Mosaic law.

Figure 1

Photograph of a Greek marble bust of Hippocrates
in the British Museum. (Reproduced with permission from
Garrison FH: An Introduction to the History of Medicine.
Philadelphia, PA, WB Saunders, 1929, p 93.)

Figure 2 Illustration of St. Anthony, patron saint of those with
ergotism, with a victim of the disease, who uses a knee-walker
peg-leg to replace the right foot. The flames emanating from his
left hand symbolize the burning pain of severe vasoconstriction,
or St. Anthony’s fire. (Reproduced with permission from Hans
von Gersdorff: Field-Book of Wound Surgery. Strasburg,
Germany, 1540.)

The next reference to surgical indications for amputation was by the
Roman writer Celsus (25 BCE to 50 CE). Although Celsus supported
restricting amputation to cases of gangrene, he recommended transosseous
division at the junction of viable and gangrenous tissue. He also advocated
hemostasis by wound compression and vessel ligation, which was
introduced by Alexandrian surgeons. The combination of these techniques
considerably increased the safety of amputation surgery. Celsus considered
the common practice of vessel cauterization by hot irons to be a last resort.
Over the next half-century, the list of indications for amputation was

further expanded by two Greek surgeons, Archigenes and Heliodorus, to
include chronic leg ulcers, tumors, and congenital malformations in
addition to trauma and gangrene. The expansion of indications to include
even semielective disorders was made possible by the application of a tight
bandage proximal to the site of amputation. Larger vessels were controlled
with ligatures and smaller ones with compression and torsion. Additional
indications mentioned in the Talmud were leprosy and other incurable
infections. Thereafter, through the influence of the prolific writings of the
Greek physician Galen (131 to 201 CE), the recommendations of Celsus
were rejected with a return to the teachings of Hippocrates, including
amputating only through necrotic tissue or the knee joint, although Galen
advised using ligatures for hemostasis.
Following the decline of Roman influence during the third and fourth
centuries CE, advances in medicine made before Galen did not pass into the
successive Byzantine and Arabic medical traditions. Instead, with the rise
of Islam, numerous works of Hippocrates and Galen were translated from
Greek into Arabic by Persian scholars in the seventh and the eighth
centuries CE. This perpetuated their influence for the next 1,000 years,
aided by belief in their infallibility on the part of both Muslims and
Christians. Other influences maintaining the status quo included the early
Christian church’s rejection of anatomic studies, its discouragement of
surgery, and the feuding of rival medical groups. These factors resulted in
widespread discrimination against surgery and its practitioners, who were
held in low esteem.
Nonetheless, during the European Middle Ages (circa 476 to 1453 CE),
the indications for amputation expanded to include limbs damaged by
leprosy or ergotism. Leprosy, a mycobacterial infection introduced to
Europe by returning Crusaders (11th to 13th centuries) results in loss of
protective sensation in the limbs. Repetitive minor trauma frequently
results in painless injury to the hands and feet, causing ulceration and deep
infection. Ergot poisoning occurs after ingestion of rye bread contaminated
by the alkaloid ergotamine, produced by the fungus Claviceps purpurea. In
857 CE, the first of many European ergotism pandemics occurred among
the poor, for whom rye bread was a staple food. Ergotism is manifested by
the painful burning sensation of prolonged arterial vasoconstriction, hence
the names ignis sacer (sacred fire) and St. Anthony’s fire (Figure 2),
resulting in gangrene of the hands and feet. Autoamputations or surgical
ablation of gangrenous hands and feet was usually followed by recovery,

whereas vasoconstriction of mesenteric arteries was rapidly fatal.
The number of amputations from battle wounds increased greatly after
the introduction of weapons using gunpowder, particularly with the cannon
at Crécy, France, in 1346 and muskets at Perugia, Italy, in 1364. The
wounds incurred were so severe compared with those from cutting or
piercing weapons that surgeons became newly interested in amputation
surgery as a worthy endeavor.
During the Renaissance (14th to 16th centuries), the original works of
Celsus were rediscovered in cloister libraries and widely circulated with
the aid of the printing press. Prior to this, European physicians had only
inaccurate Latin translations of Arabic translations of the original Greek
writings of Hippocrates and Galen. With the rise of Humanism and a
relative decline in ecclesiastical authority, Leonardo DaVinci (1452 to
1519) was able to undertake detailed anatomic studies that refuted some of
Galen’s revered, but incorrect, notions. Unfortunately, DaVinci’s work
was suppressed for another century.
Ambroise Paré (1510 to 1590) (Figure 3) contributed greatly to the
development of modern amputation surgery by reintroducing Celsus’
principles of amputation through viable tissue and the use of ligatures,
rather than cauterization, for hemostasis—two ideas lost for a millennium.
Paré also abandoned the use of boiling oil for cauterization of wounds
contaminated by gunpowder, which was thought to be poisonous. After he
fortuitously ran out of oil during a battle, an immediate improvement in his
results reinforced his resolve to abandon this excruciatingly painful
measure. Paré’s other great contribution was making Vesalius’
monumental anatomic treatise, De Fabrica Humani Corporis Libri Septem
(1543), easily accessible to his contemporaries by publishing an epitome in
vernacular French.

Figure 3

Image of Ambroise Paré (1510 to 1590) who
reintroduced Celsus’ principles of amputation through viable
tissue and vessel ligation, rather than cauterization, for
hemostasis. (Copyright Association of Friends of the Historic
Site
of
Vieil
Hesdin,
France.
http://www.levieilhesdin.org/ambroisepare.php. Accessed on
March 19, 2015.)

The Napoleonic Era (1792 to 1815) produced two notable military
surgeons; George Guthrie in Great Britain (Figure 4, A) and DominiqueJean Larrey in France (Figure 4, B). Larrey concurred with Guthrie that
prompt primary amputation on the battlefield resulted in fewer fatalities
than waiting the commonly recommended 3 weeks before secondary
amputation (Figure 5). To allow rapid access to the wounded, Larrey
introduced “flying ambulances” to pick up the wounded during battle and
transport them to a forward aid station (Figure 6). Using this method,

Larrey provided truly expeditious care to the men of Napoleon’s Imperial
Guard. During one battle, only 43 of 12,000 casualties brought to his aid
station died, a record far better that that of other French army units.

Figure 4

Images of the British surgeon Guthrie (A) and the
French surgeon Larrey (B), who both advocated primary
amputation on the battlefield. (Panel A courtesy of Wikipedia:
George
James
Guthrie.
http://en.wikipedia.org/wiki/George_James_Guthrie and panel
B courtesy of Wikipedia: Dominique Jean Larrey.
http://en.wikipedia.org/wiki/Dominique_Jean_Larrey. Accessed
August 4, 2015.)

Figure 5

Illustration depicting a Regimental Surgeon of the
4th Foot, King’s Own Royal Regiment performing a field
amputation during the battle of Waterloo, painted by James
Askew, 2011. (Copyright The Collection of The King’s Own
Royal Regiment Museum, Lancaster, England. Accession
Number KO2942/01.)

Figure 6

Illustration depicts an ambulance volante (flying
ambulance), invented by Larrey to collect wounded men during

battle for rapid transfer to a forward aid station. (Courtesy of
Wikimedia,
Larrey
DJ:
Flying
ambulance.
http://upload.wikimedia.org/wikipedia/commons/1/1c/Larrey%27s_Flying_Ambulan
Accessed on March 20, 2015.)

Figure 7

Illustration shows the lower leg zones of injury
sustained by stepping on a land mine or improvised explosive
device.

During the US Civil War (1861 to 1865), the severity of limb wounds
increased markedly with the introduction of the French Minié ball, a
conical bullet with a hollow base that expanded as it left the rifle barrel,
splintering bone on impact. Because wounded men were considered a
greater liability to an army than those killed outright, the standing order
was to fire at the feet of advancing troops. The extensive damage to both
soft and bony tissue in thousands of injured soldiers resulted in a
refinement of indications for primary amputation in both Union and
Confederate armies. These included comminuted open fractures, open
joints with fracture, major nerve or blood vessel injury, extensive softtissue loss, and crush injuries.
In more recent wars, the introduction of land mines and improvised

explosive devices has resulted in limb trauma of increasing severity
(Figure 7). Positive developments over time have included the
introduction of aseptic surgery by von Bergmann in 1891, blood
replacement in 1909 by Crile, antibiotic use by Germany and England
during World War II, primary vascular repair by DeBakey during the
Korean War (1950s), and external skeletal fixation in the 1960s by
Ilizarov. These advancements have been augmented by helicopter
evacuation to well-equipped forward hospitals and have shortened the list
of absolute indications for amputation while expanding the indications for
limb salvage. Nonetheless, the list developed during the US Civil War
remains basically valid in many less-than-ideal circumstances.

Advances in Level Selection
Hippocrates recommended amputation through gangrenous tissue, thereby
averting much of the pain of surgery and reducing the likelihood of
exsanguination. Celsus’ use of ligatures for hemostasis facilitated
amputation through viable tissue, but this technique was lost for a
millennium after the fall of Rome. Hieronymus Brunschwig (1425 to
1520) recommended amputation distal to the knee whenever possible and
considered knee disarticulation the most proximal level consistent with
survival. Within a half-century, however, Paré’s reintroduction of vessel
ligation allowed him to report the first successful transfemoral amputation.
In 1774, the English surgeon James Kerr was the first to report the 18-day
survival of a patient after hip disarticulation, at which point the patient
succumbed to tuberculosis. During the Napoleonic wars, Larrey (and later
Guthrie) performed successful hip disarticulations on the battlefield. A
consummate anatomist, Larrey was able to complete an open hip
disarticulation within 15 seconds of ligating the femoral vessels. Before
the development of effective anesthetic agents, the most sought-after
surgeons combined a profound knowledge of anatomy with dexterity and
speed to shorten the patient’s period of intense pain.
Because extreme speed is no longer a necessity, attention is now
focused on reconstruction of a residual limb that interfaces comfortably
with a modern prosthesis. For transtibial amputation, both Larrey and
Guthrie preferred a short tibial segment (8 to 10 cm) to more conveniently
fit the knee-walker peg-leg then in common use. If only a very short level
could be salvaged, Larrey advocated complete fibular removal.

Several end–weight-bearing amputations that preserved some foot
tissue were developed about this time that either completely eliminated the
need for a prosthesis or allowed the fitting of a simplified, less expensive
prosthesis. These developments were important because the transtibial
amputee who could not afford a prosthesis that retained knee function was
relegated to a knee-walker peg-leg. The first of these procedures was the
midtarsal disarticulation described by François Chopart in 1792, followed
closely by Jacques Lisfranc’s tarsometatarsal disarticulation in 1815 and
James Syme’s ankle disarticulation with retention of the heel pad for endbearing in 1843. However, Nikolai Pirogoff, a Russian surgeon who
admired Syme’s innovation, was unable to provide Russian peasant
soldiers with a prosthesis that would prevent instability of the heel pad. In
1854, Pirogoff reported on stabilization of the heel pad by fusion of a
calcaneal fragment, still attached to the heel pad, to the distal tibia,
allowing the use of standard work boots for return to farm labor (Figure
8). In 1939, the American surgeon Harold Boyd reported on a similar
procedure. Despite the continuing development of these distal techniques,
the transfemoral amputation level remained dominant throughout World
War I. In 1914, Blake reported that 70% of amputations were at the
transfemoral level, and in J.S. Speed’s series, 58.6% were transfemoral.
Overall, of the total 42,400 lower limb amputations sustained by the Allied
Forces, 39.6% were transfemoral. The first successful transpelvic
amputation had been reported by the French surgeon Mathieu Jaboulay in
1895.
Immediately following World War II, basic research into normal
human gait was begun by Verne Inman and Howard Eberhart at the
University of California at Berkeley (UCB) under US government
sponsorship. Their studies demonstrated that an amputee’s gait benefited
from the retention of as much healthy bone and soft tissue as possible. This
conclusion was in sharp contrast to the traditional practice of amputating at
fixed sites in each limb segment.
Regarding the upper limb, Paré performed the first elbow
disarticulation in 1536, Henri-François LeDran performed the first
successful shoulder disarticulation in 1731, and John Cuming, a British
naval surgeon, performed the first successful scapulothoracic amputation
in 1808. The concept of cineplasty as a means to capture the power of arm
and forearm muscles to control a prosthetic hand was developed in
chickens by Vanghetti in Italy in 1896. His associate Ceci first applied it to

Italian soldiers whose hands had been amputated as punishment while
prisoners of the Ethiopians. With cineplasty, a transverse tunnel is made in
a muscle and its insertion is severed. After healing has occurred, the tunnel
is kept patent and a rod is passed through the tunnel and harnessed to a
cable attached to the prosthetic hand. When the muscle contracts, it pulls
on the cable, thereby activating the prosthetic hand. In 1916, Ferdinand
Sauerbruch and ten Horn refined the procedure by lining the tunnel with a
medially based skin flap. Thereafter, it was used during both World Wars,
but with the widespread availability of myoelectric prostheses, it is now
rarely performed. This surgery could be useful in the future to help control
prosthetic hands with multifunctional fingers.

Figure 8

Illustration of the Pirogoff modification of the Syme
ankle disarticulation. The calcaneotibial arthrodesis stabilizes
the heel pad.

Evolving Techniques for Bone Coverage
From the time of Hippocrates until the first century CE, the recommended
technique for limb amputation was division of all tissues at the same level.
As these open wounds healed by secondary intention, the soft tissues
contracted, resulting in a conical residual limb with distal bone
prominence. Early in the first century CE, Celsus advocated cutting the
bone at a higher level than the soft tissues, which allowed the skin to be

drawn distally to cover the end of the bone. This advancement was lost
with the decline of Rome and rediscovered during the Renaissance.
Several new techniques based on Celsus’ principle appeared in the 18th
century. During 1717 and 1718, the contemporaries Jean Louis Petit,
Lorenz Heister, and William Cheselden favored making a circular incision
through the skin and fat, pulling these tissues proximally, and dividing the
muscle and bone; this method was termed the double circular incision
method. In 1779, Edward Alanson created a less bulky residual limb by
following the skin and fat incision with an oblique cut through muscle
from distal to proximal, followed by division of the bone at the apex of the
muscle cone. The triple circular incision was introduced by Henri-François
LeDran (1731) and Benjamin Bell (1787). Following successive circular
divisions of the skin and subcutaneous tissue and a muscle layer, both
were pulled proximally to the level of bone division. This method was
used by both Larrey and Guthrie during the Napoleonic Wars.

Figure 9

Illustration depicts Verduyn’s transtibial amputation.
A, The posterior myofasciocutaneous flap. B, The completed
amputation. (Reproduced with permission from Heister L:
Chirurgie. Nuremberg, Germany, 1718.)

Although double and triple circular incisions remained the most
common methods used to ensure that the bone remained well covered,
other surgeons were developing flaps for wound closure beginning in 1679
with James Yonge, a British naval surgeon. In 1696, Pieter Verduyn
described the first long posterior myofasciocutaneous flap for transtibial

amputation (Figure 9). Hugues Ravaton (1739) and Vermale (1756)
reported the first use of sagittal flaps consisting of skin and muscle. In
addition, in 1796 the French surgeon Raphaël Bienvenu Sabatier described
a myofasciocutaneous flap raised from the anterior leg to close a knee
disarticulation. Later major contributions to knee disarticulation surgery
included F.W. Wagner’s 1970s description of a gastrocnemius muscle flap
to cushion the femoral condyles closed with sagittal skin flaps. In 1985,
the German surgeons Klaes and Eigler described the use of a posterior
myofasciocutaneous flap, including the gastrocnemius muscle bellies, to
cushion the distal femur, with less risk of partial skin flap necrosis than in
Wagner’s technique.
In 1915, during World War I, Fitzmaurice-Kelly performed emergent
flapless open amputations at the most distal level of viable tissue to
preserve limb length. He considered this the first stage of a two-stage
procedure, using skin traction in the interim. The American surgeon
Kellogg Speed modified this technique by incising the skin longitudinally
on each side in preparation for the secondary closure. Using this method,
he found that the wounded could be moved safely to a rear hospital 1 week
after amputation.
Although these incremental improvements to technique tended to
produce marginally better residual limbs, the underlying bone often
became prominent over time as soft-tissue atrophy occurred, resulting in
distal discomfort and ulceration with use of a prosthesis. This was
especially common after transfemoral amputation if the muscles were not
attached stably over the end of the femur. After World War II, the German
surgeons F. Mondry and R. Dederich developed widely adopted myoplasty
methods in which the distal femur is covered by suturing opposing
muscles over its end. In 1960, the Polish surgeon Marian Weiss introduced
myodesis, in which the muscles are reattached to bone or periosteum to
restore some of their motor function. This concept was extended in 1990
by Frank Gottschalk of Dallas, who demonstrated the value of preserving
the adduction power of a transfemoral residual limb by performing
myodesis of the adductor magnus tendon to the lateral femoral cortex.
Ample padding is provided by suturing the quadriceps muscle over and to
the distal femur. Distal coverage of a transtibial residual limb with a
posterior myofasciocutaneous flap, introduced by Verduyn in 1696, was
reintroduced by William Bickel in 1943, and later was widely promoted by
Ernest Burgess of Seattle.

Surgical Analgesia and Anesthesia
In the fourth century CE, Dioskorides, a military surgeon under Nero,
compiled a Materia Medica, describing the medical uses of more than 600
plants, including the anesthetic effects of Mandragora and opium for
surgical procedures. The Talmud later mentions the specific use of
anesthesia for amputation as well. During the Middle Ages, the Spongia
Soporifica, invented by Ugo di Borgognoni of The University of Bologna
was widely used for surgical anesthesia. A sponge was soaked in a mixture
containing, among other ingredients, opium, Mandragora, Hyoscyamus,
and hemlock, providing both narcotic and atrophin-like effects when
inhaled or swallowed. After drying, the sponge became easily portable, to
be reconstituted with water when needed. For the next four centuries,
however, from the end of the Middle Ages (circa 1450) until the mid 19th
century, amputations were performed without the benefit of analgesia,
placing a premium on the speed of the surgeon to reduce the duration of
suffering (Figure 10).
The evolution of modern anesthesia began with two related events;
Humphrey Davey’s description of the pain-killing effects of nitrous oxide
in 1792, and Faraday’s demonstration of the similar effect of nitrous ether
in 1818. In 1846, the first amputation using ether anesthesia was
performed for tuberculosis of the knee by John Collins Warren at
Massachusetts General Hospital in Boston. Six weeks later, having heard
of Warren’s success, Robert Liston performed the first amputation using
ether anesthesia in England at the University College of London Hospital.
Liston accomplished this transfemoral ablation with his usual dispatch in
28 seconds. The necessity for extreme speed was no longer necessary and
was succeeded by a new luxury: sufficient time to carefully execute a
deliberate surgical plan and deal with unexpected findings without the
sometimes violent struggles of a patient in extreme pain. The use of ether
anesthesia was quickly adopted in 1847 by both Syme in Edinburgh and
Pirogoff in Russia. Chloroform was preferred by surgeons active during
the US Civil War as a safer alternative to ether on the battlefield.

Figure 10

Illustration depicts a typical 18th century
transtibial amputation, performed swiftly without anesthesia.
The assistant on the right compressed the thigh to control
hemorrhage. All tissues were divided at the same level,
resulting in a prominent distal tibia with poor soft-tissue
coverage. (Reproduced with permission from Heister L:
Chirurgie. Nuremberg, Germany, 1718.)

Mortality After Amputation Surgery
The earliest records clearly show that amputation commonly resulted in
death from blood loss during surgery or some days later from sepsis, often
associated with secondary hemorrhage. These known risks resulted in the
conservatism of Hippocrates and his adherents, who accepted gangrene as
the only proper indication for amputation, other than trauma, with the
transection performed through necrotic tissue to decrease the chance of
fatal hemorrhage. In addition, because hemorrhage was more easily
controlled by cauterization or bandaging at distal levels, only transtibial
amputation or, at most, knee disarticulation was recommended.
Military surgeons gradually improved the outlook for survival by
better control of blood loss during amputation. Intraoperative hemostasis

evolved over many centuries, beginning with the popularization of vessel
ligation by Celsus, which was reintroduced by Paré. A precursor of the
tourniquet was a circular bandage placed proximal to the amputation site
by Archigenes and Heliodorus in the first century CE. In 1674, the French
army surgeon Etienne Morel introduced the first true tourniquet, tightened
with a stick. Because the stick often obstructed the surgical site, it was
quickly displaced by Petit’s screw tourniquet circa 1700 (Figure 11).
Nonetheless, mortality rates following battle wounds remained so high that
Louis XIV (1638 to 1715) complained that “For my soldiers, the
amputation knife of my surgeons is far more dangerous than the enemie’s
(sic) fire.”

Figure 11

Illustration of Petit’s screw tourniquet in the early
18th century, a great improvement on Morel’s earlier windlass
tourniquet because of its security. (Reproduced with permission
from Heister L: Chirurgie. Nuremberg, Germany, 1718.)

Eventually, it was accepted that mortality after amputation for battle
wounds was closely linked to the interval between injury and surgery.
Initially, opinion was sharply divided between those who advocated
primary amputation on the battlefield and those who would wait 2 to 3
weeks until the risks of wound infection and secondary hemorrhage had
subsided. By delaying surgery, these surgeons were able to claim a lower
surgical mortality rate because most of the wounded had died of sepsis or
hemorrhage while waiting the prescribed interval. Larrey, during the
Napoleonic Wars, used “flying ambulances” to bring the wounded directly
to his surgical station following primary amputation on the battlefield. By
this means, he markedly decreased both the intraoperative death rate of the
soldiers under his care and the death rate from wound infection and
secondary hemorrhage. Guthrie’s experience with British casualties was
similar. During the Crimean War (1853 to 1856), primary amputation
resulted in a 37% mortality rate, compared with 60% for secondary
ablation. The Union Army had the same experience with 20,500
amputations during the US Civil War, with a mortality of 35.7%. This was
a marked improvement from the Battle of Fontenay in 1745, when
mortality after amputation was 90%.
The other major cause of death after amputation was septicemia.
Although Hippocrates recommended that surgeons clean their hands and
fingernails and use boiled water for wound cleansing, this basic principle
of asepsis was rarely heeded, either on the battlefield or in hospitals. Early
attempts at wound lavage with purported antiseptics included the use of
wine by Avicenna (980 to 1037) in the Middle Ages and turpentine by
Paré during the Renaissance. The concept of asepsis progressed with Ignaz
Semmelweis’ 1848 report of the reduction in puerperal sepsis mortality
from almost 10.0% to 1.3% simply by enforced hand washing in a solution
of calcium chloride for all personnel before any patient contact.
In 1865, Joseph Lister, appalled by the high mortality rate associated
with open fractures and thoroughly familiar with the work of Louis
Pasteur, began treating open fracture wounds with carbolic acid dressings
in an attempt to sterilize them, rather than performing primary

amputations. Following the successful salvage of several limbs using this
method, Lister applied the principle of antisepsis to his surgical cases. This
included preoperative washing of hands and instruments as well as
intraoperative spraying of wounds with a carbolic acid solution. Using this
form of antisepsis, he was able to reduce his surgical mortality rate of 48%
for amputations performed from 1864 to 1866 to 15% for amputations
performed from 1867 to 1870. Antisepsis introduced a new era of safety
for elective surgery, as well. By 1877, antisepsis was widely accepted by
most surgeons, including American military surgeons. Antisepsis still
remains applicable for lavage of contaminated wounds, as exemplified by
the continued use of Carrel-Dakin solution and its various successors.
The progression from antisepsis to asepsis was also based on the work
of Pasteur. Ernst Von Bergmann, a prominent surgeon during the FrancoPrussian war (1870 to 1871), introduced steam sterilization of surgical
instruments in 1886. In 1891, he began the gradual introduction of asepsis
as known today, including sterile gowns and gloves and the use of masks.
During World War I, British, French, and American surgeons achieved an
overall amputation survival rate of 85%, using a combination of extensive
wound débridement, early open amputation, and wound irrigation with
Carrel-Dakin solution. The availability of sulfonamides from the
beginning of World War II and the introduction of penicillin in 1943
marked the beginning of the antibiotic era.

Education and Training in Amputation Surgery
From ancient times, the place of surgery and surgeons in society has been
dictated by forces that directly or indirectly affected its advances and
declines. In Rome, the role of physicians seems to have included surgery,
especially for those with military experience. During the Middle Ages,
Avicenna, the leading Islamic medical scholar of that era, put forth two
doctrines that became institutionalized by both the Christian church and
the universities through the influence of Latin translations of his
voluminous writings. The first doctrine was that methodical and logical
reasoning (ratiocination) was better than first-hand experience and
investigation in medical treatment. The second doctrine was that surgery is
a separate and inferior branch of medicine. Thus, university medical
education in the Middle Ages became purely theoretic, leaving practical
treatment of illness and injury to nonacademically trained “popular

physicians,” barbers, surgeons, bath-stove attendants, and assorted quacks.
France gradually led the way out of this morass during the 13th to 18th
centuries. The first attempts to legitimize surgery and raise the status of
surgeons occurred circa 1250 through the political influence of Jean Pitard,
the personal barber-surgeon to the king. With royal support, Pitard
founded a surgeon’s guild called the College of St. Cosmas. To ensure that
applicants to the new college had an acceptable level of knowledge and
experience, Pitard organized a 4-year apprenticeship that encompassed not
only practical surgery but also theoretic lessons, taught for the first time in
the French language. After passing an examination, the apprentices were
called master surgeons and entitled to enter the College, open an office,
and train their own apprentices.
Despite these advances, real progress was stymied throughout much of
the Middle Ages because of the rivalries among the university medicine
faculties, the master-surgeons guild, and the barber-surgeons,
characterized by constant bickering and ever-shifting alliances as each
group sought to control the others. The result of this divisive turmoil was a
delay in the application of new knowledge such as Michael Servetus’
discovery circa 1550 of the pulmonary (lesser) circulation and William
Harvey’s of the systemic (greater) circulation in 1628, advances
characteristic of the rise of scientific medicine.
A few foresighted physicians, however, found their theoretic education
useless for rendering aid on the battlefield, so they went to the bestregarded barber-surgeons for further training. On becoming physiciansurgeons, they returned to the universities to teach surgery. Three
physician-surgeons of the period, Henri de Mondeville, Guy de Chauliac,
and Lanfranc wrote surgical texts. Lanfranc, who is considered the founder
of surgery in France, sought to bring the opposing camps together,
teaching that “no one can be a good physician who has no idea of surgical
operations, and that a surgeon is nothing if ignorant of medicine.” Cardinal
Richelieu, the Prime Minister of Louis XIII, helped raise the standards and
social status of army surgeons by making them members of the College of
St. Cosmas. Surgical education, at least in France, was finally brought to
the same academic level as university medicine in the mid 1700s with the
founding of the Royal Academy of Surgery by Mareschal, the personal
surgeon of Louis XIV. In England, the development of surgery lagged
behind that of France, but surgeons and barbers finally became
differentiated, culminating in the 1800 founding of the Royal College of

Surgeons of London and later the Royal College of Surgeons of England.
The first two illustrated books that discussed amputation were written
by experienced military surgeons from Strasbourg who had learned the art
of amputation surgery while treating wounded combatants. The first was
The Book of Wound Surgery by Hieronymus Brunschwig in 1497,
followed by Hans von Gersdorff’s Field-Book of Wound Surgery in 1517,
which contained the first illustration of an amputation (Figure 12). Both
books dealt with wounds caused by firearms. Other books dealing with
amputations followed. One book by Paré described the first designs for a
“wooden leg for the poor.” In 1815, George James Guthrie, the great
British surgeon of the Napoleonic Wars, published six editions of an
epoch-making treatise, Gunshot Wounds of the Extremities Requiring
Amputation. Formal education in amputation surgery, however, did not
materialize in the United States until after World War II.

Figure 12

Illustration of “Serratura” (sawing off), the first
known illustration of amputation surgery. Note the hemorrhage
despite the tight bandages above and below the incision. The
scalpel lies in the foreground. The figure behind the patient
wears the Tau cross of St. Anthony, indicating that he may
have lost the fingers of his left hand from ergotism.
(Reproduced with permission from Hans von Gersdorff: FieldBook of Wound Surgery. Strasburg, Germany, 1517.)

History of Prosthetics
Introduction
Whether a result of conflict, accident, disease, or judicial decree,
amputations have always been a part of human experience, as has been the
desire to replace the lost part for functional, cosmetic, and/or protective
reasons. The word prosthesis, the proper name for an artificial limb, is
derived from Greek, meaning “to place an addition;” prosthetics is the
professional field that deals with the construction and custom-fitting of
prostheses.

Figure 13

Photograph of a cosmetic wooden hallux
prosthesis found on a female mummy circa 1000 BCE. Note
laced leather band around the forefoot. (Reproduced with
permission from Nerlich A, Zink A: Eine zehenprothese an einer
altaegyptischen mumie. Med Orth Tech 2002;122:32-33.)

Evolution of Prosthetic Design
The earliest example of a prosthesis for which visual evidence exists is a
cosmetic hallux fitted in Egypt circa 1000 BCE (Figure 13). Another
historical example is a Roman transtibial prosthesis circa 300 BCE that had

a wooden socket reinforced with bronze sheets. In addition, a mosaic
found in Lescar, France, from the Gallo-Roman era depicts a Moorish
hunter pursuing game on a knee-walker peg-leg (Figure 14). Prostheses
made by armorers for officer-amputees had the additional benefit of
concealing the warriors’ deficits from enemies. The iron hands of the
Roman Marcus Sergius and the Teutonic mercenary knight Goetz von
Berlichingen were designed to firmly lock onto a sword or shield in battle
(Figure 15).

Figure 14

Photograph of Gallo-Roman mosaic depicting a
Moorish hunter with a transtibial peg-leg. (Courtesy of
Professor René Baumgartner, Zumikon-Zurich, Switzerland.)

Despite the awakening of intellectual curiosity in the Renaissance
(14th to 16th centuries), development during the first 200 years in the field
of prosthetics did not keep pace with that of amputation surgery.
Individuals who were poor continued to use crude crutches, peg-legs, or
rolling platforms as they had for centuries. The increasing use of cannons
and muskets, meanwhile, made battle wounds an ever-increasing cause of
amputation as survival rates improved (Figure 16). Prosthetic innovation

finally began in the 16th century and was closely linked to the constant
warfare of that period. The first major advance was made during the
Renaissance circa 1560 by the French surgeon Paré, who devised an
inexpensive wooden knee-walker peg-leg for poor private soldiers and a
sophisticated transfemoral prosthesis for wealthy officers, as well as
cleverly crafted prosthetic hands with locking fingers. Although peg-legs
had been used since ancient times, Paré’s design featured longer sides with
straps to securely attach the prosthesis to the thigh (Figure 17). His
endoskeleton transfemoral prosthesis for military officers featured a
leather socket, a foot with a spring-loaded midfoot hinge, and a knee that
could be unlocked for sitting (Figure 18). The whole device was covered
with thin iron plates shaped to match the contours of the opposite armored
limb and was suspended from an undervest.

Figure 15

Illustration of the Teutonic mercenary knight
Goetz von Berlichingen holding a staff with his prosthetic right
hand, which featured jointed, locking fingers to hold a weapon.
(Reproduced with permission from the American Academy of

Orthopaedic Surgeons: Orthopaedic Appliances Atlas: Artificial
Limbs: A Consideration of Aids Employed in the Practice of
Orthopaedic Surgery. Ann Arbor, MI, JW Edwards, vol 2, 1960,
p 3.)

Figure 16

Illustration depicts typical homemade prostheses
of poor army veteran-amputees of the Renaissance. The ankle
amputee uses a knee-walker peg-leg and cane. The knee
amputee uses an end weight-bearing peg-leg and a crutch.
(Reproduced with permission from the American Academy of
Orthopaedic Surgeons: Orthopaedic Appliances Atlas: Artificial
Limbs: A Consideration of Aids Employed in the Practice of
Orthopaedic Surgery. Ann Arbor, MI, JW Edwards, vol 2, 1960.)

Figure 17

Illustrations of Paré’s knee-walker peg-leg for
poor private soldier-amputees. A, Front view shows the flexed
limb between medial and lateral uprights resting on a cushion.
B, Posterior view. (Adapted with permission from Paré A: Ten
Books of Surgery. 1563. Athens, GA, University of Georgia
Press, 1969.)

Figure 18

Illustrations of Paré’s transfemoral prosthesis
designed for wealthy officer-amputees. A, External view. B,
Internal view. Note the leather socket, metal shank, and
articulated midfoot under iron plates used to simulate armor.
(Adapted with permission from Paré A: Ten Books of Surgery.
1563. Athens, GA, University of Georgia Press, 1969.)

The most important prosthetic design of the Renaissance, however,
was the transtibial prosthesis introduced by the Dutch surgeon Pieter
Verduyn in 1696. With this prosthesis, the amputee was able to fully
realize
the
benefits
of
Verduyn’s
revolutionary
posterior
myofasciocutaneous flap. The prosthesis consisted of a copper socket lined
with leather, a solid ankle wooden foot, and a leather thigh corset attached
to the socket with jointed metal bars. The tightly laced thigh corset aided
in both suspension and weight bearing; the jointed metal bars allowed free
knee motion (Figure 19). This became the prototype for functional
transtibial prostheses until the introduction of the patellar tendon–bearing

(PTB) prosthesis in 1961 by Charles Radcliffe and James Foort at UCB.
Nonetheless, the knee-walker peg-leg was still commonly used during the
first half of the 19th century. It was so ubiquitous that the ideal length of a
transtibial amputation was held to be no more than 8 to 10 cm below the
knee joint to more conveniently fit this design.
Conceptual progress in upper limb prosthetic design continued with
Gavin Wilson’s artificial hand circa 1790, capable of holding a knife, fork,
or pen. Peter Baliff, a Berlin dentist, developed the first body-powered
prosthetic hand with prehension circa 1816, activated by elbow and
shoulder motion (Figure 20). The concept of harnessing the remaining
muscles of a limb to operate a terminal device has remained central to the
development of upper limb prosthetics, as exemplified by the practical
introduction of myoelectrically controlled external power in 1958.

Figure 19

Illustration of the Verduyn transtibial prosthesis

(circa 1696) designed specifically for patients treated with his
posterior myofasciocutaneous flap technique. (Reproduced with
permission from the American Academy of Orthopaedic
Surgeons: Orthopaedic Appliances Atlas: Artificial Limbs: A
Consideration of Aids Employed in the Practice of Orthopaedic
Surgery. Ann Arbor, MI, JW Edwards, vol 2, 1960.)

With the increase in higher level gunshot injuries and the prevalence of
transfemoral amputees, interest in the design of prostheses for this level
increased, resulting in ingenious devices. The concept of an ischial weightbearing socket had already been introduced by Gavin Wilson in 1790. In
1810, J.G. von Heine, considered the founder of German orthopaedics,
introduced ball-and-socket knee and ankle joints. The knee joint was
locked except when sitting. In 1816, Peter Baliff also introduced a
transfemoral prosthesis with an ingenious knee joint that unlocked on toeoff to allow knee flexion during swing phase and relocked on heel contact
to provide stability during stance phase.

Figure 20

Illustration of the transradial prosthesis designed
by Peter Baliff circa 1816. The fingers were activated by elbow
and shoulder motion. This basic design was unchanged until
1944. (Reproduced with permission from the American

Academy of Orthopaedic Surgeons: Orthopaedic Appliances
Atlas: Artificial Limbs: A Consideration of Aids Employed in the
Practice of Orthopaedic Surgery. Ann Arbor, MI, JW Edwards,
vol 2, 1960.)

In 1816, James Pott of London made a hollow-shanked wooden
transfemoral prosthesis with partially restrained ball-and-socket knee and
ankle joints and a toe hinge. The joints were connected by cords so that
knee flexion would dorsiflex the ankle (Figure 21). This leg became
known as the Anglesey leg after one was fitted to H. W. Bayly, Marquess
of Anglesey, who lost his leg in the closing moments of the Battle of
Waterloo in 1815. Various modifications of this leg remained the standard
British design until after World War I. In 1839, the design was brought to
the United States by William Selpho, a limbmaker in Pott’s factory, as the
“American” leg and was thereafter modified by competitors. In 1843,
Martin and Charrière introduced another concept fundamental to
contemporary prosthetic and orthotic design by offsetting the center of the
knee joint posterior to the line of weight bearing; this greatly improved
stance phase stability. In 1860, A. A. Marks of New York produced a foot
using vulcanized rubber (invented in 1839 by Charles Goodyear). This
became the precursor of several flexible feet popularized since World War
II. Vulcanized rubber was also quickly formed into rubber bumpers to
limit and cushion the motion of prosthetic joints by American, British, and
European prosthetists. Marks was also the first to shrink-wrap wooden
sockets and hollow shanks in rawhide to increase strength and durability.

Figure 21

Illustration of James Pott’s 1816 Anglesey Leg.
Internal elastic straps were used to control knee and ankle
movement. (Reproduced with permission from the American
Academy of Orthopaedic Surgeons: Orthopaedic Appliances
Atlas: Artificial Limbs: A Consideration of Aids Employed in the
Practice of Orthopaedic Surgery. Ann Arbor, MI, JW Edwards,
vol 2, 1960.)

The US Civil War resulted in large numbers of amputees, and this
number was further increased by individuals injured in industrial and
railroad accidents. After the war, the United States experienced much more
growth in the development of prosthetic design and manufacture than
Europe. One entrepreneur, James E. Hanger, was a Confederate soldier
who lost his leg early in the war and made a prosthesis for himself. In
1861, he introduced a single-axis ankle joint controlled by vulcanized

rubber bumpers rather than cords. He went on to found the prosthetics
company that currently bears his name. In 1863, Dubois Parmelee of New
York was issued a patent for the first transfemoral prosthesis using a
suction suspension socket, eliminating the need for elaborate body
harnesses or corsets. The prosthesis also featured a polycentric roller knee
joint, a multiarticulated foot, and endoskeletal construction at a time when
most prostheses had an exoskeletal design (Figure 22). However, neither
suction suspension nor endoskeletal construction became widely accepted
in prosthetics until the latter part of the 20th century.

Figure 22

Illustration depicts lateral view of Parmelee’s 1863
endoskeletal transfemoral prosthesis that featured a suction
suspension socket, eliminating the need for body harnessing.
Note the valve (arrow) in the distal-anterior socket, a
polycentric roller knee joint, and a multiarticulated foot.
(Reproduced from the American Academy of Orthopaedic

Surgeons: Orthopaedic Appliances Atlas: Artificial Limbs: A
Consideration of Aids Employed in the Practice of Orthopaedic
Surgery. Ann Arbor, MI, JW Edwards, vol 2, 1960.)

Despite the many profound conceptual changes in prosthetic design of
19th century innovators, only the rich and government-subsidized war
amputees could afford these limbs. In 1867, the Comte de Beaufort
designed two affordable transtibial prostheses made entirely of wood and
leather for French soldier-amputees from the Crimean and Italian
campaigns. One prosthesis was a knee-walker peg-leg for the poor and the
other had wooden side joints and a leather thigh lacer. Each featured a
rocker foot that made walking much easier. The latter prosthesis, improved
with steel side joints, was used until about 1929 and known as the “French
leg” (Figure 23).
Progress in prosthetics during the 19th and early 20th centuries as a
result of the Napoleonic, Crimean, US Civil, and First World Wars was
influenced by several critical factors that had lasting effects. Because
prosthetics has always been a small field that serves relatively few people,
it has not always been possible, especially for individual prosthetists, to
devote the necessary time and financial resources to fully develop their
concepts on any scale. In addition, the materials initially available to
construct limbs, such as wood, leather, and iron, were limited.
Nonetheless, both prosthetists and amputees have always placed a
premium on reliability, strength, comfort, and low weight as worthwhile
goals, with cost of secondary importance. By necessity, prosthetists have
had to borrow new techniques, devices, and materials from other fields as
they became affordable and adapt them. Innovations of the Industrial
Revolution provided many opportunities to exploit new materials,
methods, and devices such as steel, vulcanized rubber, and machine tools.
Another material that was adapted to prosthetic use was aluminum,
which combines reasonable strength with light weight. Although August
Gustav Hermann of Prague had substituted aluminum for steel components
as early as 1868, a fortuitous mishap resulted in its fullest use in
prosthetics. In approximately 1912, British test pilot Marcel Desoutter lost
his leg in a flying accident. Unhappy with heavy contemporary prostheses,
he enlisted the help of his brother Charles, an aeronautical engineer and his
partner in the aircraft manufacturing firm Desoutter Brothers. Charles
designed an exoskeletal prosthesis weighing only 3.5 lb using the newly

available aluminum alloy (called duralumin) and using pelvic, rather than
shoulder, suspension. As news of this prosthesis spread, the Desoutter
Brothers became a prosthetic design and manufacturing firm. Demand
increased rapidly, despite the initial reluctance of the British government
to purchase prostheses for war amputees because of the high cost.
Aluminum exoskeletal prostheses remained the British standard until well
after World War II.
Building on the Parmalee concept of suction suspension for
transfemoral limbs, Ernest Underwood, a British war amputee, designed a
wooden socket with annular spiral grooves that closely fitted the bare skin
of the residual limb. Fashioned of duralumin and featuring a valve to expel
air from the socket during donning of the prosthesis, this became a
successful design of the Blatchford firm. German designers were also
active between World Wars I and II. The prosthetist Oesterlee of Ulm
designed his own suction suspension socket, followed in 1932 by one with
an improved valve designed by the surgeon Felix of Dusseldorf. The use
of suction suspension was widespread in Germany by the end of World
War II and captured the attention of an American commission charged
with improving prosthetic care for US veterans. Another German
development was the design of three- and four-bar linkage knee joints by
Alfred Habermann. Probably the most important American advance during
this period was the split hook for body-powered upper limb prostheses,
invented and promoted by D.W. Dorrance, a transradial amputee (Figure
24). Terminal devices based on his original design remain among the most
commonly prescribed options.

Figure 23

Illustrations of two affordable transtibial
prostheses designed by Beaufort in 1867. These prostheses
were made entirely of wood and leather. A, Knee-walker pegleg. B, Prosthesis featuring leather thigh lacer, locking knee
joints, and adjustable leather socket. Both designs had a rocker
foot to ease rollover gait. (Reproduced with permission from the
American Academy of Orthopaedic Surgeons: Orthopaedic
Appliances Atlas: Artificial Limbs: A Consideration of Aids
Employed in the Practice of Orthopaedic Surgery. Ann Arbor,
MI, JW Edwards, vol 2, 1960).

During World War II, returning military amputees quickly became
dissatisfied with the design and function of available prostheses, especially
those for the upper limb, which combined excessive weight with minimal

function. In response, Army Col. John Loutenheiser enlisted the help of
Northrop Aviation engineers in 1943 to develop lighter, more functional
upper limb prostheses. Plastic laminate was used to substantially reduce
socket weight and bulk. The Bowden cable, used to activate aircraft
control surfaces, was adapted to operating upper limb prostheses, replacing
stretchable, fragile leather thongs. Northrop engineers also invented a
shoulder-operated locking elbow for transhumeral amputees. That same
year, the first prosthetic research laboratory was organized by the Navy at
Mare Island, California.

Figure 24

Photograph of a voluntary-opening hook-type
terminal device designed by amputee-inventor D.W. Dorrance
after World War II. (Courtesy of Hosmer Dorrance, Campbell,
CA.)

Before the war ended, a concerted national campaign was launched to
address these same concerns, led by the amputee veterans themselves and
strongly supported by US Representative Edith Nourse Rogers, Chairman
of The House Veterans Committee, and by Secretary of War Henry L.
Stimson. The goal was to combine the efforts of academia and private
industry to improve prosthetic design. The redevelopment of this
partnership, which had been so productive in the war effort, resulted in a
new intellectual and clinical foundation for contemporary prosthetics. The
program eventually came under the auspices of The National Academy of
Sciences (NAS) with its Committee on Prosthetics Research and
Development (CPRD) and Committee on Prosthetics and Orthotics
Education.
In January 1945, the NAS organized a meeting in Chicago of leading
surgeons, engineers, and prosthetists, including the orthopaedic surgeons

Paul Magnuson of Northwestern University and Philip D. Wilson of the
Hospital for Special Surgery, to establish standards for upper and lower
limb prostheses. It was soon determined that data were insufficient to
formulate any meaningful standards. The organization of a governmentfunded program to perform fundamental studies related to prosthetic
design, fitting, and use was recommended. With this program, basic
studies of normal human gait were conducted at the University of
California (UC) under the direction of Verne Inman, Professor of
Orthopaedic Surgery at the UC Medical School in San Francisco and
Howard Eberhart, Professor of Civil Engineering at UCB, an amputee.
They attached metal pins with reflective targets to bony prominences of
the lower limbs and pelvises of volunteers. Using interrupted light
photography, these markers allowed the accurate measurement of the
relative three-dimensional motion of limb segments during walking. These
and other innovations formed the basis for the field of biomechanics.
Additional studies by M.P. Murray and Jacquelin Perry and others over the
next decades further enhanced the understanding of normal and amputee
gait.
Within a short time, a network of biomechanics laboratories was
established, each with a particular mission. UCB continued to study the
lower limb, and the University of California Los Angeles (UCLA) initiated
a parallel biomechanical research program on the upper limb. Two major
advances occurred at UCLA. The first was the development of a rationale
for socket and harness design for every level of upper limb amputation.
The second was the design and testing of commercially available
components that could be assembled to meet the individual needs of
amputees. The Veterans Administration (VA) Prosthetics Research
Laboratory in New York City, under the direction of Eugene Murphy,
applied the results of the UC research directly to war veterans with
amputations. The Army Prosthetics Research Laboratory at Walter Reed
Hospital and the Navy counterpart at Oakland, California, served their
respective populations; the Army concentrated on upper limb prosthetic
development and the Navy on lower limb development. This aggregate
body of work provided a solid rationale not only to guide the future design
and use of prostheses, but to encourage surgeons to save as much limb
length as possible, thus preserving more function than was previously
considered feasible.
Following reports of the widespread, successful fitting of transfemoral

prostheses with suction suspension by prosthetists in postwar West
Germany, the US Surgeon General dispatched a group of surgeons and
engineers to study this application. The Germans had been using this
method since the early 1930s, based on Parmelee’s American patent of
1863. This technology was promptly reintroduced to American amputees.
With the reintroduction of the intimately fitting suction suspension socket,
the fixed-position hip joint and pelvic belt were no longer required and
coronal plane alignment of the prosthesis became more critical. To meet
this requirement, Charles Radcliffe of UCB developed both an adjustable
knee alignment unit and an alignment-duplication jig to ensure accurate
transfer of the three-dimensional configuration achieved during standing
and walking to the finished prosthetic limb. These were based on the
earlier work of Hans Schneider in Germany with his “Gehmaschine”
(walking machine), which was a highly adjustable, reusable trial
prosthesis.
Substantial improvements in prosthetic knee joints soon followed. Jack
Stewart, a motorcycle racer who underwent transfemoral amputation,
developed a superior seal for a hydraulic shank unit of his design that
integrated ankle dorsiflexion with knee flexion to clear the foot during
swing phase. The seal also proved to be a great advance for aircraft
hydraulic systems. This latter application, as well as the prosthetic one,
was supported by Vickers Corporation of Detroit. Immediately after World
War II, Hans Mauch, an engineer in charge of developing the German V-1
military rocket, moved to the United States and resumed work on another
hydraulic knee unit with Ulrich Henschke. The final result was a knee with
hydraulic control of both swing and stance that is still in production. The
excessive weight of early hydraulic units resulted in the UCB Laboratory
developing a lighter pneumatic swing control knee unit, variations of
which are still used.
By 1950, the UCB Laboratory had developed the ischial weightbearing quadrilateral socket using anatomic studies to replace the historical
plug-fit. The original concept had been brought to England by the New
Zealand prosthetist Nugent 5 years earlier. Another major advance of that
decade for both upper and lower limb prosthetics was the introduction by
Northrop Aviation of a thermosetting resin suitable for laminating sockets
on a plaster mold of the residual limb. This plastic laminate construction
was used by researchers at the Sunnybrook Hospital in Toronto in the mid
1950s for their new Syme and hip disarticulation prostheses. The new

lightweight Syme prosthesis with a removable window to facilitate
donning and a solid ankle cushion heel foot (SACH foot) renewed interest
in this level. Further development of the SACH foot continued at UCB,
with its application to transtibial prostheses. The hip disarticulation
prosthesis, designed by Colin McLaurin, featured a freely moving hip joint
mounted on the anterior surface of the socket. Alignment stability of the
hip and knee joints permitted standing and walking without a hip lock,
eventually rendering the previous ‘tilt-table” prosthesis obsolete.
In 1696, Pieter Verduyn had replaced the bent-knee peg-leg with the
first prosthesis allowing knee motion by using a thigh corset and side
joints for both suspension and weight bearing. Two hundred sixty-five
years later, the UCB team of Radcliffe and Foort introduced the fullcontact PTB transtibial socket suspended by a simple supracondylar strap
that eliminated the need for Verduyn’s thigh corset and side joints.
Later suspension options for PTB prostheses included extension of the
socket brim over the femoral condyles (PTB-supracondylar [PTB-SC]),
developed by Kuhn in Muenster, Germany and the PTB-SC-suprapatellar
(PTB-SC-SP) by Fajal in Nancy, France. Further refinements of
supracondylar suspension included various types of medial wedges.
Because of their intimate clamp-like fit just proximal to the femoral
condyles, these new suspensions improved retention of the prosthesis
while increasing socket stability about the knee, particularly for short
residual limbs. Techniques to enhance the suspension of both transtibial
and transfemoral prostheses with elevated vacuum have become available.
Some devices rely solely on cyclical loading and unloading of the
prosthesis to pump air out of the socket; others use powered pumps
complete with fobs.
In 1961, Anthony Staros of NAS formulated criteria for a temporary
transfemoral prosthesis for geriatric amputees using a plastic socket
attached to thigh and shank segments made of metal tubing and joined by a
knee hinge, complete with a foot. This became the prototype for various
endoskeletal prostheses initially produced by firms in Germany, the United
States, and the United Kingdom over the next decade. Prosthetic
applications for plastics developed by the aerospace and other industries
accelerated, with sockets formed first of thermosetting plastic, followed by
thermoplastics such as polyethylene and polypropylene.
By the 1970s, Otto Bock Orthopadische Industrie GmbH had
established a de facto worldwide standard by producing durable,

reasonably priced, interchangeable endoskeletal components that could be
realigned throughout the useful life of the prosthesis. The result was that
the use of fixed-alignment prostheses became increasingly rare. Otto Bock
also developed the first reliable, lightweight endoskeletal knee
incorporating a weight-activated friction brake that automatically
stabilized the knee throughout stance phase. In 1983, the old-line British
firm Blatchford introduced a 1.5-kg prosthesis formed primarily of carbon
fiber–reinforced plastic component parts. Titanium, used extensively in the
aerospace and arms industries, became a lightweight substitute for steel
components. Another major advancement, during the 1980s, was the
introduction of the ischial containment socket, which combined an
increased weight transfer area during stance phase at the limb-socket
interface with a narrow medial-lateral socket dimension that more closely
matches the thigh anatomy than the earlier quadrilateral design. Knee
disarticulation began to gain more favor after Eric Lyquist introduced a
reliable four-bar linkage knee with hydraulic swing phase control in 1973,
named the Orthopaedic Hospital of Copenhagen knee. This design allows
the shank to fold behind the thigh segment in full flexion and reduces the
protrusion of the prosthetic thigh during sitting; variations remain in use
today.
Several other substantial technical advances in lower limb prostheses
occurred in the 1980s and 1990s, including the development of prosthetic
feet with internal leaf springs made of carbon fiber that enabled amputees
to walk, run, and jump with greater ease (Figure 25). Some foot-ankle
units now incorporate hydraulic ankles to provide greater adaptability to
slopes and uneven terrain. Other foot-ankle units use a microprocessor to
control a motor and spring combination to provide not only terrain
adaptability, but also at least a measure of powered push-off in late stance
phase. Some of these feet include pocket fobs for the user to control the
component’s function. Two other major socket innovations where
developed in Iceland by amputee-prosthetist Össur Kristinsson. These
flexible-walled sockets were supported by an abbreviated, rigid weightbearing frame and flexible roll-on suspension liners. At this time,
Blatchford introduced the first prosthetic knee with microprocessorcontrolled swing phase control, demonstrating the clinical value of selfadjusting components that can be programmed to the individual needs of
the amputee.

Figure 25

Photograph of an amputee who is an elite sprinter
fitted with a carbon-fiber Cheetah running foot. (Copyright
Össur, Aliso Viejo, CA.)

In the 1990s, the German firm Otto Bock Orthopaedische Industrie
GmbH introduced its C-Leg, which used microprocessors, force sensors,
potentiometers, and lithium-ion batteries to control a hydraulic unit,
providing enhanced stance phase stability and swing phase control,
resulting in improved comfort and security for the wearer. Since their
introduction, these components and their successors and competitors have
incorporated features such as wireless communication and gyroscopes,
which are ubiquitous in consumer electronics and most closely identified
with smartphones. Wireless communication with these knee units allows
the prosthetist to adjust the on-board settings of the knee unit without a
cumbersome wired connection. The pocket fob enables the user to select

from available control modes and to adjust some of the control settings.
The advent of Computer Aided Design-Computer Aided
Manufacturing (CAD-CAM) systems for the production of prosthetic
sockets became possible with the introduction of desktop computers in the
1980s. The primary advantages have been increased manufacturing
efficiency and incremental time savings when compared with manual
production of custom sockets. Companies marketing prosthetic/orthotic
CAD-CAM systems have continually improved their products with
software upgrades and newer, more convenient ways to scan the involved
body segments. Such systems remain expensive, often involve steep
learning curves, and are not universally available. Although concrete data
are lacking, market penetration has likely been limited by such factors.
This could change if the cost of scanners is reduced by the availability of
newer scanning technologies for tablets and smart phones and lower
prices. Interest in scanning techniques has occurred in close association
with interest in three-dimensional printing (stereolithography) and additive
machining. Industry has used such techniques to rapidly produce
prototypes and explore design ideas. Efforts are being made to use this
concept to produce sockets, but the equipment available is expensive and
slow. The technique may have potential for future development,
particularly if it can be exploited to produce new socket designs that
improve comfort and function.
The initial work on external power for the operation of upper limb
prostheses is attributed to Borchardt in Germany in 1919. In the 1950s,
Russian investigators harnessed myoelectric signals from the forearm
extensor and flexor muscle masses of transradial amputees to control the
flow of electric current from a battery contained in the prosthesis. Further
refinements by German, Austrian, American, and British companies have
resulted in various myoelectric hands, grippers, and elbows to fit both
adults and children. This expansion became possible with the availability,
from industrial applications, of solid-state circuits, efficient small motors,
energy-dense batteries, and more recently, microprocessors. Since 1976,
technologic growth and development have continued unabated, and
indeed, accelerated, due largely to the incorporation of spinoff technology
from the consumer electronics field, including the rapidly advancing
mobile phone, pager, and handheld video game industries. The need to
control an ever-increasing number of degrees of freedom hinders the
development of such devices, even as the number of available control sites

decreases with each successively higher level of amputation. To address
this conundrum, Todd Kuiken conducted pioneering work in targeted
muscle reinnervation to surgically increase the number of available control
sites. This harkens back to the use of cineplasty in the 20th century.
Practical control of such complex prostheses will likely have to wait for
the successful implementation of a brain-computer interface. The most
important clinical development in upper limb prosthetics has been the
introduction of externally powered hands with powered digits and multiple
grasp patterns. At least one of these hands has a smart phone app, thus
linking prosthetics and consumer electronics.
For many decades, prosthetic restoration of a missing limb addressed
three main concerns of the individual with an amputation: function,
comfort, and cosmesis. Cosmesis for a lower limb prosthesis generally
meant for the individual with an amputation to be indistinguishable from
anyone else by the casual observer. At times, however, a cosmetic foam
cover actually interfered with the function of a knee or ankle unit. This
older concept of cosmesis has begun to change with the introduction of
more functional but much less cosmetic prosthetic components, and it has
resulted in great success by some elite athletes with amputations. Today,
many younger individuals with trauma amputation proudly wear brightly
decorated lower limb prostheses with exposed components, which seldom
elicits a second glance.

Socioeconomic Forces Affecting the Provision of Prostheses
From ancient times until the mid 1800s, a prosthesis was a luxury
available only to the wealthy. The relatively few poor individuals who
survived a major amputation managed with homemade crutches or peglegs. Recognizing the huge socioeconomic disparity between wounded
officers and common peasant soldiers, Paré devised an inexpensive
wooden knee-walker peg-leg for the peasant soldiers in France. The
organization of special funds for the medical care of disabled workers
started in the early 1600s, with the European guilds. With the decline of
the guilds a century later, various health funds were established by
manufacturers and trade unions, but none paid for prostheses.
The situation began to change, at least for military amputees, during
the US Civil War, when both the federal and Confederate governments
began to provide prostheses at public expense. This was known as the
Great Civil War Benefaction. The original federal legislation of 1862 was

amended in 1870 to allow a new prosthesis every 5 years, and later to
every 3 years. The Prussians and British quickly followed this protocol,
providing both an articulated prosthesis and a peg-leg to wear during
repairs on the primary limb. These measures substantially increased the
number of prostheses fitted, thus encouraging development of the field.
During World War I, British philanthropists established Queen Mary’s
Hospital for The Limbless at Roehampton. Beset with wartime shortages
and short-staffed facilities, British firms alone were unable to cope with
the surge in demand for prostheses created by scything machine gun fire
and shrapnel (the two most common injury mechanisms). To supply the
necessary expertise and to provide prostheses in sufficient quantity, the
British, as the French had before them, turned to American prosthetic
firms to fill the void. The firms, along with their British counterparts, were
invited to locate facilities on the hospital grounds. For the first time,
prosthetists and surgeons met at the patients’ bedsides to discuss their
prosthetic restoration. The cumulative experience gained and knowledge
shared made Roehampton renowned worldwide for excellence. At the
same time, the field of prosthetics began its transformation from a cottage
industry to a multinational business. The American firms introduced new
designs, materials, and production techniques to the British and French.
The characteristic feature of the “American Leg” included shoulder
suspenders for control of the knee in swing phase, construction of the
shank from a single piece of wood, a single-axis foot controlled by rubber
bumpers, and external reinforcement of the wooden shank and thigh
segments with shrink-wrapped rawhide.
The 100,000 battle amputations incurred by the Central Powers
(Germany and Austria-Hungary) forced them to drastically change their
methods of prosthesis manufacture and provision. For the first time,
anthropomorphic measurements of the lower limbs, developed by the
Berlin orthopaedist Professor Gocht, were used to help design simple
prosthetic components that could be produced quickly. In this way,
wounded soldiers could be rapidly redeployed to supportive agricultural or
war factory work. The Hungarian military surgeon Dollinger produced the
“Arbeitsprothese” (work prosthesis) and the Germans made the
“Behelfsprothese” (temporary prosthesis). Both were simple designs
resembling von Hessings’ 19th-century knee-ankle-foot orthosis with
jointed metal uprights, connected by bands encompassing a leather socket.
To provide a proper fit, the socket of the Arbeitsprothese was molded

about a plaster model of the amputee’s residual limb.
Prior to World War I, limb-fitting firms were vertically integrated,
including the fabrication of components for their own use on a custom or
semicustom basis as needed. With the experience gained by governmentsponsored prosthetic facilities attached to amputee hospitals, it became
clear that greater production capacity and cost containment could be
achieved by a horizontal reorganization, allowing mass production of
uniform components to be purchased and used by many firms. This new
efficiency also allowed component manufacturers to devote the necessary
capital to exploit new materials and techniques beyond the reach of
individual prosthetic fitters. In 1919, the Otto Bock Orthopaedische
Industrie GmbH was founded in Berlin, introducing the mass production
of prosthetic components with the techniques for their alignment. The
three major lower limb modules were a socket block, a knee joint with a
shank, and an ankle-foot assembly.
In anticipation of the need for greatly increased numbers of prostheses
for American war amputees, the chief medical officer of the Council of
National Defense convened a meeting of the 10 leading American
prosthetic firms in 1917. This meeting resulted in the formation of the
Association of Limb Manufacturers of America, which eventually became
the American Orthotic and Prosthetic Association and remains the
preeminent trade organization for these fields in the United States.
Because of the late entry of the American Expeditionary Force into the
war, only 4,403 amputations were sustained, 2,635 of which were
considered major amputations, compared with 42,000 for the British,
allowing the redeployment of American prosthetists to the United
Kingdom.
During World War II, US armed forces sustained 17,130 amputations.
With thousands of American amputees returning home throughout World
War II, the Army and Navy responded by establishing specialized centers
for overall amputee care, including all aspects of prosthetic rehabilitation:
10 for the Army and 2 for the Navy. These centers incorporated the work
of surgeons, prosthetists, and therapists working as a team. By 1945, the
Army center in Walter Reed Hospital received up to 1,500 amputees each
month. In 1965, the Medicare program began to provide prostheses for US
citizens older than 65 years and for younger persons permanently disabled
by amputation. This trend reversed in the 1990s, when managed care
organizations began excluding prostheses from coverage or limiting

benefits to “one prosthesis per lifetime” or annual maximum
reimbursement of as little as $1,000. It appears that access may once again
be widely available because of the provisions of the Affordable Care Act.
With advances in prosthetic design, manufacture, and provision well
under way for the war amputee population, attention was focused on
another group whose care badly needed reorganization: children with limb
deficiencies. In 1952, the United States Children’s Bureau assisted the
Michigan Crippled Children’s Commission in organizing the first Child
Amputee Program in the United States. It was located in Grand Rapids
under the direction of orthopaedic surgeons C.H. Frantz and G.T. Aitken.
A similar program was established in 1955 at UCLA and both continue to
serve this population today. In 1956, the CPRD established the
Subcommittee on Child Prosthetic Problems (SCPP), chaired successively
by Drs. Frantz and Aitken. To further evaluate devices and techniques
resulting from these projects, a Child Prosthetics Studies program was
funded the same year at New York University under the direction of
Sidney Fishman. To assist in the widest possible dissemination of this new
knowledge in a timely manner, the Child Amputee Clinic Chiefs
inaugurated an annual meeting and SCPP began publication of the InterClinic Information Bulletin. With the dissolution of CPRD in 1976 and
with it SCPP, the Association of Child Prosthetic and Orthotic Clinics
(ACPOC) was formed to fill the void and continue publication of the InterClinic Information Bulletin, later known as the Journal of the Association
of Child Prosthetic and Orthotic Clinics. This journal ceased publication
in 1994.

Education and Training in Prosthetics
Prior to World War II, training in prosthetics was based largely on
informal apprenticeships. The widespread and vocal dissatisfaction of war
amputees with the available prosthetic designs resulted in a massive
government-sponsored research and development program. In 1949, UCB
offered a pilot course in the prescription, fabrication, and alignment of the
suction suspension transfemoral socket recently readopted from Germany.
This was followed by local courses in key areas of the country, sponsored
jointly by the VA and the manufacturers’ association, the American
Orthotic and Prosthetic Association. Thereafter, the VA organized 30
amputee clinic teams for their hospitals, each consisting of a surgeon,
prosthetist, physical and occupational therapists, and a VA prosthetic

representative.
As a result of these actions, the prosthetists wanted to elevate their
educational and professional status to more closely match that of the other
team members. In 1949, the American Board for Certification in
Prosthetics and Orthotics (ABC) was formed to establish standards for
examination and certification of individual practitioners and the
accreditation of prosthetic and orthotic facilities. ABC now encompasses
pedorthics (design, modification, and fitting of therapeutic footwear) as
well as prosthetics and orthotics. ABC offers seven different certification
programs and two different facility accreditation programs, one for the
traditional clinical care facility and one for central fabrication facilities.
Fifteen states now require licensure to practice and two states require
certification.
Additional VA-sponsored courses for clinic teams followed. UCLA
presented 12 courses of 6 weeks’ duration on upper limb prosthetics from
1953 to 1954. The response was so great that prosthetics education
programs were established at New York University’s Postgraduate
Medical School in 1956 and at Northwestern University in 1959. By the
late 1980s, 12 universities offered preparatory programs in prosthetics and
orthotics: 5 offered them at the baccalaureate level, and 7 offered
postgraduate certificates in prosthetics, orthotics, or both disciplines. By
2000, fledgling masters-level programs had begun and doctoral programs
existed in Scotland, Hong Kong, and Australia. The charitable German
Society for Technical Cooperation (Gesellschaft fuer Technische
Zusammenarbeit) has been one of the most effective prosthetic and
orthotic outreach organizations. This group has organized prosthetic and
orthotic training programs in several countries in Africa, Asia, and Latin
America, eventually turning the programs over to local instructors whom
they have trained.
In 1970, the American Academy of Orthotists and Prosthetists (AAOP)
was formed with a primary focus on education, modeled after the
American Academy of Orthopaedic Surgeons. Shortly thereafter, in 1972,
ABC commissioned the development of standards for educational
programs in prosthetics and orthotics. These standards are maintained by
the National Commission on Orthotic and Prosthetic Education (NCOPE),
an independent body that approves education and residency programs in
these fields, in cooperation with The Commission on Accreditation of
Allied Health Education Programs. The entry-level requirement for a

certified prosthetist/orthotist has now been set at the master’s level.
NCOPE’s accreditation standards for such programs require focus on
evidence-based practice, including how to be an effective, critical
consumer of research. Less rigorous education programs and entry
pathways for the other certification programs are also available. Six
schools offer training for prosthetic/orthotic technicians.
AAOP has been a major force in advancing the level of practitioner
education and clinical practice in prosthetics and orthotics, sponsoring an
ever-growing array of continuing education conferences and review
courses each year. In 2003, the AAOP inaugurated an ongoing series of
consensus conferences to develop clinical standards of practice, patterned
after the successful multidisciplinary consensus conferences hosted by the
International Society for Prosthetics and Orthotics (ISPO). Building on the
success of these consensus conferences, AAOP is increasing emphasis on
evidence-based practice and outcome measures in its annual conferences.
In 1946, the first English-language periodical for prosthetists, the
Orthopaedic and Prosthetic Appliance Journal, was published by the
forerunner of the American Orthotic and Prosthetic Association. In 1976,
the AAOP started a journal. The two journals merged in 1988 to become
the quarterly Journal of Prosthetics and Orthotics. In 1964, the Prosthetic
and Sensory Aids Service of the Department of Veterans Affairs began
publishing what has become the Journal of Rehabilitation Research and
Development, which appears bimonthly, with additional supplements. In
the late 1950s, the International Committee on Prosthetics and Orthotics
(ICPO, now called Rehabilitation International), an international
committee that focused on the exchange of information on prosthetics,
orthotics, and amputation surgery, began publication of a technical journal.
ICPO evolved into the present-day ISPO and its journal became
Prosthetics and Orthotics International, published three times per year. In
cooperation with the World Health Organization and the International
Committee of the Red Cross, ISPO has developed standards for prosthetic
and orthotic education programs and clinical care delivery systems for
developing nations. ISPO also sponsors a triennial World Congress, as
well as periodic international consensus conferences and update courses
throughout the world that are cosponsored by local prosthetic and orthotic
organizations.

Emergence of Amputee Rehabilitation

Until the 19th century, the governments that recruited men to fight in wars
typically turned away from those too disabled to serve again, leaving them
to beg for subsistence. Even for the few who received prosthetic limbs, no
organized care with a goal of societal reintegration existed. In 1867, the
Prussian government was the first to legislate not only prosthetic
restoration but hospitalization for accommodation to walking with the
prosthesis. The British also began providing prostheses for their warwounded personnel during this period, but it was not until 1915 that Queen
Mary’s Hospital for the Limbless (Roehampton) was established as a place
where physicians and prosthetists were brought together with the patient.
During this time, the Central Powers (Germany and Austria-Hungary) also
began fitting early temporary prostheses to quickly return war amputees to
useful work in factories and farms. The US government also established
seven widely dispersed stateside amputee centers at Walter Reed General
Hospital in Washington, DC; Letterman General Hospital in San
Francisco, California; Fort Des Moines in Iowa; Fort Snelling in
Minnesota; Fort McPherson in Georgia; General Hospital 3 in New Jersey;
and General Hospital 10 in Boston, Massachusetts. Another concept that
was resurrected after World War II was the fitting of an immediate
postoperative prosthesis, begun by the Frenchman Depage in 1917.
Berlemont and Weber resumed this method in 1957, followed by Marian
Weiss of Poland who reported on his extensive experience in 1963,
stimulating research in the United States by Ernest M. Burgess in Seattle,
Augusto Sarmiento in Miami, and the Navy Prosthetic Research
Laboratory in Oakland.
During their World War II occupation, the Dutch set up a rehabilitation
center for their wounded soldiers. The program included physical therapy,
sports therapy, and job placement. A similar program was in operation at
the time in Roehampton in England. The Dutch program of amputee
rehabilitation was expanded in the 1950s to include injured civilian
workers. The US Surgeon General established specialized centers for the
rehabilitation of amputees before their separation from military service. By
1945, the Army had 10 amputee centers and the Navy had 2 centers.
The success of these military programs was replicated for civilians by
the formation of interdisciplinary amputee clinics. Many advances in
amputee rehabilitation in the second half of the 20th century resulted, at
least in part, from this close collaboration between rehabilitation
physicians, surgeons, prosthetists, therapists, and other professionals who

share a commitment to amputee care. In recent years, changes in the
economics of health care have reversed this trend, as postoperative
hospitalizations have become increasingly brief and outpatient treatment
became the norm for new amputees. It is sometimes difficult to replicate
the fertile interchange of ideas among team members that was inherent in
the formal amputee clinic now that these professionals often work in
geographic isolation from one another.

Summary
Historically, advances in amputation surgery have been closely linked to
armed conflict, which spurred improvements in prosthetic technology and
postamputation care. These trends have accelerated during postwar periods
whenever attention and resources have been focused on amputee veterans.
Advances in military rehabilitation have, in turn, been incorporated into
civilian practice and developed further when adequate funding has been
established. Better surgery and prosthetic sockets after World War II
resulted in demands for additional sophisticated components, which were
first developed using government research funding and later from
commercial investment. The level of education for prosthetists has also
gradually risen, along with the technical sophistication of the materials,
methods, and components used while education in amputation surgery has
declined. Only time will determine whether the fragmentation of the clinic
team and the reduction in funding for amputation surgery and prosthetic
education and training is a temporary setback or the harbinger of a new era
in which the pace of advancement in amputee care will diminish.
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Chapter 2

General Principles of
Amputation Surgery
Michael S. Pinzur, MD

Abstract
Amputation should be viewed as the first step in the rehabilitation process
for a patient with a limb that cannot be salvaged because of injury or
disease. It is important for the treating surgeon to understand how an
individual is affected by limb loss, the differing considerations in caring for
those with upper versus lower limb amputations or amputations performed
because of differing etiologies, and the nuances of treating children. Good
surgical planning and familiarity with methods of managing possible
complications will result in the best possible outcomes for patients.
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Introduction
Experience gained during World War II convinced Ernest Burgess to
change the perception of amputation from ablative (failed) surgery to the
current paradigm of amputation as the first step in rehabilitation. Using a
modern evidence-based model for health care, it is necessary to address the

effect of the injury or disease process on the affected individual and
determine the steps needed to return the patient as fully as possible to his
or her preinjury or predisease state. The goals of this chapter are to address
the components of limb loss that universally affect the amputee
population, discuss the unique characteristics of upper versus lower limb
amputations, compare amputation in an adult to that in a child, and review
some of the nuances associated with amputation performed for injury
compared with amputation performed because of infection or disease.

Effect on Health-related Quality of Life
The psychological effect of amputation on health-related quality of life has
been best studied in trauma patients. The Lower Extremity Assessment
Project (LEAP) was an observational study of more than 600 civilian
patients who sustained mutilating lower limb injuries; amputation was
performed in more than 150 of these patients.1 Validated outcomes tools
were used to achieve longitudinal observation of the effects of injury on
the patients’ quality of life. One of the most important insights gained
from this pivotal investigation was the appreciation that family support
structure is one of the most important factors for successful rehabilitation
after a traumatic amputation.1 Using understanding gained from the LEAP
study, the core investigators used similar tactics to evaluate amputees from
Operation Iraqi Freedom and Operation Enduring Freedom. The Military
Extremity Trauma Amputation/Limb Salvage (METALS) study provided
further insights about affected patients, including the fact that traumatic
amputees had a high probability of exhibiting severe symptoms of
depression or posttraumatic stress disorder.2
This information provides evidence-based support that helps caregivers
objectively appreciate the obvious psychological effects of amputation
during both the acute phases of injury and recovery and the prolonged
period of rehabilitation. The roles of depression and posttraumatic stress
disorder can be easily extrapolated for various groups of amputees,
whether it be the stress of body image in a child who has undergone an
amputation because of a congenital condition or a patient facing limb loss
because of tumor, infection, or gangrene.3

The Upper Limb: The Hand as an Organ of

Sensation and Prehension
The hand is a unique organ of prehension and sensation that helps
differentiate humans from much of the animal kingdom. It is the special
relationship between sensory input and functional prehension that makes
amputation of an upper limb much more disabling than amputation of a
lower limb. When planning reconstruction of the upper limb after a
traumatic injury, the surgeon should consider the negative effect of a
prosthesis or orthosis on the residual limb, in both shielding the terminal
residual limb from its important role as a sensory probe and blocking the
sight lines necessary to optimally manipulate objects with a terminal
prosthetic device.

Figure 1

Bar graphs showing the metabolic cost of walking
with an amputation. TT = transtibial, KD = knee disarticulation,
TF = transfemoral. A, Graph illustrates that walking speed
(velocity) is related to level of amputation. V1 is a measure of
self-selected walking speed, and V2 is a measure of maximum
walking speed. B, Graph showing oxygen consumption per
meter walked as related to amputation level. Note that walking
speed decreases and the energy cost of walking increases with
a more proximal amputation. (Reproduced with permission from
Pinzur MS, Gold J, Schwartz D, Gross N: Energy demands for
walking in dysvascular amputees as related to the level of
amputation. Orthopaedics 1992;15:1033-1037.)

Experience has demonstrated that a high percentage of patients reject
even high-tech, electronic-powered prostheses. Patients often perceive
very sophisticated devices as being cumbersome and slow to respond to
task initiation. Many patients become proficient with an upper limb
prosthesis but use it only as a tool for performing a minimal number of
necessary tasks. Because a prosthesis renders the upper limb insensate, it
shields the patient from proprioceptive feedback and demands continual

visual monitoring to operate. Oftentimes, retention of a rudimentary post
and palm that allows simple prehension is functionally superior to the most
sophisticated prosthetic device.

The Lower Limb: The Foot as an Organ of Weight
Bearing
The normal human foot is composed of more than 20 bones that have the
dual functions of acting as a shock absorber at heel strike and a stable
platform to allow propulsion at push-off. The ligaments that connect the
bones of the foot are relaxed when the foot is loaded at heel strike. This
relaxed or unlocked position of the joints, combined with the unique
durable cushioned plantar skin and subcutaneous fibrous connective tissue,
allows the foot to dampen the impact of weight bearing. As the foot
transitions from the unlocked load-acceptance position of ankle
dorsiflexion and foot supination at heel strike to the locked position of
ankle plantar flexion and foot pronation at push-off, it transitions from an
organ that dampens weight acceptance to a stable platform for propulsion
at push-off.
Unlike the adaptable weight-bearing organ of the normal foot, an
amputation stump is generally composed of one or two bones and a softtissue envelope that must interface with a prosthesis to mimic the organ
functions of a normal foot. When a residual limb is surgically created, the
surgeon must be cognizant of these dual functions to create a terminal
organ that will interface with a prosthesis to provide pressure-dissipating
cushioning at loading and stability at push-off.

Metabolic Cost of Walking After Amputation
The self-selected walking speed of an individual is determined by multiple
factors that allow the optimization of energy consumption during walking.
Most individuals exhibit the best metabolic efficiency when healthy and
well rested and decreased efficiency when ill or injured.
From a bioengineering standpoint, the joints of the lower limb act as
energy couples. Illness or injury to the limb makes the mechanical
construct less energy efficient and more prone to activity-related
discomfort. Prosthetic joints are not as efficient as native joints. Figure 1
demonstrates the metabolic/energy cost of walking with a prosthesis. The

more proximal the level of amputation, the greater the negative effect on
function. In a patient with a transfemoral amputation, the self-selected
walking speed and the maximal walking speed are very similar and energy
consumption also is similar. Therefore, during laboratory testing, the
energy expended by a patient with a transfemoral amputation is
comparable to the energy expended by a nonamputee walking at maximal
speed at all times.4-7 Amputees tend to take a similar number of steps
every day.4 This metabolic cost affects a patient’s daily life and often
causes an amputee to ration the number of steps taken.8

Limb Salvage Versus Amputation
Several important questions should be addressed by the treating surgeon
before making the decision for limb salvage or amputation. The best time
to make this decision is at the time of injury. It often becomes difficult to
convince a patient of the need to amputate a nonfunctional limb if
substantial effort has been made in attempting to salvage that limb. A
poorly conceived plan for limb reconstruction can result in a patient with
poor function and chronic neurogenic regional pain.
Several questions should be addressed early in the patient’s treatment
(for example, in the trauma bay, the diabetic foot clinic, or the oncology
clinic). Will limb salvage outperform amputation and a prosthetic limb?
The surgeon should have a realistic expectation of the functional outcomes
of limb salvage and amputation. Not every patient will realize the optimal
outcome. Most surgeons will achieve a bell-shaped curve of clinical
outcomes for a given set of clinical parameters, with most outcomes
placing in the middle of the curve. When initiating a treatment plan, the
surgeon and the patient should have realistic expectations regardless of the
treatment choice.
What is the cost of limb salvage? Beyond the financial costs and the
resources consumed during limb salvage treatment, other costs include lost
wages from time away from work, depletion of financial reserves, and the
emotional costs associated with the multiple surgeries.
What are the risks of limb salvage? When establishing a risk
assessment for limb salvage verus amputation, the surgeon should consider
factors beyond a simple determination of morbidity associated with
surgery. The risks of the multiple necessary surgeries and anesthetics, the
potential for sepsis, the time necessary for rehabilitation, and the potential

for narcotic addiction should be considered. When each of these questions
is considered before initiating treatment, the decision may become more
straightforward.

Amputation Level Selection
In the current outcomes-oriented environment, it is clear that retention of
limb length is closely correlated with optimal functional outcomes.9 When
planning amputation surgery, the goal is to retain as many functional joints
and as much residual limb length as is compatible with available tissue and
the planned prosthetic limb fitting. The most difficult decisions are those
that require a choice between a longer residual limb length with a poor
soft-tissue envelope and a more proximal amputation level with a more
optimal residual limb. In the LEAP study, results suggest that the poor
functional outcomes of the 17 evaluated knee disarticulations were the
result of suboptimal residual limbs as opposed to the patients’ poor ability
to use prostheses.1 Careful evaluation of the data from the LEAP study
showed that most of the knee disarticulations were performed within the
zone of injury and had a poor soft-tissue envelope. The patients in that
study who were treated with a knee disarticulation would likely have fared
better with an optimally performed transfemoral amputation.1

Load Transfer and Weight Bearing in Lower Limb
Amputation
In a lower limb amputation, weight bearing can be viewed as the transfer
of load between the residual limb and the prosthetic socket. The ground
reaction force vector is applied directly to the residual limb in
disarticulations at the knee or ankle levels and thorough total surface
bearing in transosseous (transfemoral or transtibial) amputation levels. The
terms direct load transfer or end bearing are used when referring to
disarticulations, and indirect load transfer or total surface bearing are used
when referring to transosseous amputation levels (Figure 2).
End-bearing load transfer in a disarticulation acts similarly to normal
weight transfer in a sound limb. Long bones are expanded at the level of
the metaphysis to create a larger surface area for distributing the weightbearing load and are composed of low elastic modulus cancellous bone for
dissipating the effect of loading. A cushioned end pad substitutes for the

dampening and cushioning function of the durable plantar tissue of the
foot. Because actual bony loading is similar to that which occurs in normal
conditions, the fit of the prosthetic socket is less crucial than the intimate
fit needed in a transosseous amputation. In patients with substantial
fluctuations in the volume of the residual limb (such as those with renal
failure), an adjustable socket can compensate for volume changes9,10
(Figure 3).
In prosthetic applications, the bioengineering concept of indirect load
transfer is better known as total surface bearing. This method of prosthetic
socket construction is used in transosseous amputation levels where the
surface area of the terminal bone is small and the bone is composed of
higher stiffness cortical bone (Figure 2, B). The theoretic concept is to
unload the small surface of the stiff cortical bone of the terminal tibia in a
transtibial amputation and the terminal femur in a transfemoral
amputation. By flexing the knee 7° to 10° in a transtibial prosthesis and
adducting the femur in a transfemoral prosthesis, pressure can be directed
away from the distal end of the bone and distributed over the entire surface
area of the residual limb.11,12 To accomplish this goal, the fit of the
prosthetic socket is crucial. If the patient loses as few as 5 lb (2.67 kg), the
residual limb will move too far distally into the prosthetic socket (known
as bottoming out) and pain or ulceration will develop over the prominent
terminal cortical bone. If the patient gains weight, the residual limb may
not fit into the prosthetic socket or the fit may be too tight and cause
discomfort.9,10

Figure 2 Illustrations of direct load transfer (end bearing) in a

Syme ankle disarticulation (A) and a knee disarticulation (B).
Illustrations of indirect load transfer (total surface bearing) in
transtibial (C) and transfemoral (D) amputation levels.

Figure 3

A, Photograph of the residual limb in a morbidly
obese diabetic patient with renal failure. Substantial residual
limb volume fluctuation would make transtibial prosthetic fitting
very difficult. AP (B) and lateral (C) photographic views of a
volume-adaptable knee disarticulation end-bearing prosthesis.

In patients with a transosseous amputation, the residual bone normally
pistons (moves up and down) during weight bearing. When the soft-tissue
envelope of the residual tibia or femur is composed of mobile muscle and
full-thickness normal skin, the bone will piston within the soft-tissue
envelope. If the soft-tissue envelope is adherent to the bone, the pistoning
action occurs between the skin and the prosthetic socket, creating shear
forces that lead to blisters and skin breakdown. This condition is best
treated surgically by creating an optimal soft-tissue envelope. When the
skin of the residual limb adheres to the bone stump, the prosthetist will
attempt to compensate for the increased shearing forces by using some
form of silicone liner as an interface between the adherent skin and the
prosthetic socket.

The Soft-Tissue Envelope
The bone stump of the residual limb serves as a platform for load transfer
in a lower limb amputation and as a lever arm to drive an upper limb
prosthesis. The soft-tissue envelope serves as a cushion to dampen the

effect of weight bearing and prevent tissue breakdown over bony
prominences during use of a prosthesis. The optimal soft-tissue envelope is
stable, robust, and composed of mobile muscle and full-thickness skin
(Figure 4).
The first step in creating a terminal organ of weight bearing is the
removal of all nonviable tissue. This process should be completed without
considering the reconstruction because retaining marginal tissue leads to
less favorable outcomes; however, all viable tissue should be retained to
salvage as much normal tissue as possible for the reconstruction. When
amputation is performed for trauma or infection, the reconstruction is often
done as a second-stage surgical procedure to allow the zone of injury to
recover in trauma cases and to ensure infection-free margins in cases
involving infection or gangrene.

Figure 4 A, Clinical photograph of a mutilated lower limb in a
young man. The injury was initially managed with open
transtibial amputation. B, The initial attempt at wound closure
accomplished soft-tissue padding of the residual tibia with
gastrocnemius muscle. Note that the skin was degloved and
eventually died. C, Prior to the availability of silicone gel
prosthetic socket liners, the residual tibia would have been
unable to tolerate the shear forces associated with weight

bearing. D, Photograph of the residual limb after split-thickness
skin grafting at the time of the preparatory prosthetic limb fitting.
E, Photograph at 1 year after the amputation. Note that the
soft-tissue envelope has matured, allowing the patient to return
to running sports.

When staging amputation surgery for trauma or infection, the safest
option is open wound management with a vacuum-assisted wound closure
device or moist gauze dressings. If there is redundant viable residual
tissue, provisional loose wound closure without tension is a reasonable
wound management option. A planned staged return to surgery allows
takedown of the provisional wound closure, secondary débridement, and
formal creation of a durable cushioned soft-tissue envelope. Although
historically popular, skin traction should be avoided because it adds
additional insult to the zone of injury. Definitive wound closure in trauma
is delayed until the zone of injury recovers from the crush and traction
insults of the injury.
When performing amputation for tumor, the first consideration is the
creation of adequate tumor margins, whether they are transverse or
compartment-based. Creation of the soft-tissue envelope and the residual
limb is determined after obtaining adequate tumor margins.

Figure 5

A, Photograph of a transhumeral amputation
performed after an injury in a young man who worked as a
laborer. B, AP radiograph of the upper limb after fracture
fixation, which allowed retention of sufficient humeral length for
functional prosthetic limb fitting. C, The humeral length
retention allowed sufficient surface area to achieve prosthetic
socket suspension and leverage to drive a prosthesis through
space.

Socket Interface in Upper Limb Amputation
Intimate prosthetic socket fit in the upper limb is crucial. Although the
patient will not bear weight on an upper limb prosthesis, intimate fit is
necessary to drive the socket through space and establish leverage for
performing tasks (Figure 5). As much limb length as possible should be
maintained based on the available muscle that will be used to create the
soft-tissue envelope. Muscle groups should be attached to the residual
bone at a relatively normal resting tension. This allows the retained
muscles to create an electromyographic signal that can be used to drive a
myoelectric prosthetic motor and improves residual limb control for
powering body-powered devices because many of the pertinent muscle
groups cross the elbow or shoulder.

Tissue Management
Experience, rather than evidence, has provided generally accepted
amputation principles for creating residual limbs. The use of tourniquets
has not been effectively studied in amputation surgery. Accepted practice
is to avoid the use of tourniquets in limbs that have previously undergone
vascular surgery or angioplasty. When a tourniquet is used, it should be
deflated before wound closure to obtain control of bleeding. Arteries
should be ligated with suture ligatures (stick ties) to avoid late bleeding
from a simple ligature that is extruded by the pulsations of the artery.
Venous bleeding can be controlled by simple ligature, metal vascular clips,
or electrocautery.
In creating a transosseous residual limb, soft-tissue stripping from bone
should be limited to the amount required to create the soft-tissue envelope.
Excessive periosteal stripping should be avoided to prevent late prominent
periosteal bone (bone spur) formation. Bone necrosis from thermal burning
with power saws can generally be avoided by cooling the bone with cool
saline during bony transection.
After muscles within the zone of injury have recovered from trauma,
they should be attached to bone at tension that is as close to normal as
possible. Flexor muscle groups followed by extensor muscle groups should
be attached to the bone (radius and ulna for transradial amputation and
humerus for transhumeral amputation) at normal resting muscle tension.

Attaching the muscles to bone at normal resting tension creates a normal
physiologic cushion, allows the muscles to drive the limb through space in
a pattern that most closely mimics normal motion, and creates an optimal
electromyographic signal to drive a myoelectric prosthesis.6,7,13
Crushing injuries to nerves caused by clamping should be avoided,
even when resection of the crushed section of a nerve is planned. Crushed
nerves are likely a major factor in the development of phantom or residual
limb pain after amputation. The best practice is to gently grasp a nerve
with a gauze sponge, apply gentle traction, and transect the nerve
proximally with a fresh, sharp scalpel blade. Although a neuroma will
develop in every transected nerve, a neuroma embedded in muscle is less
likely to cause late sensitivity and symptomatic sensation or pain.
Native, full-thickness skin is more durable than coverage obtained with
grafting or healing by secondary intention. All viable skin should be
retained for use in the eventual construction of a functional residual limb.
When full-thickness skin is not available, options for healing by secondary
intention (with or without the use of a vacuum-assisted wound closure,
skin grafting, or plastic and/or microsurgery for soft-tissue transfer) should
be considered.

Amputation in Children
Several considerations make amputation in children different from
amputation in adults. In a child, the epiphyseal growth centers in
amputated limbs will generally achieve less limb length than a
contralateral normal limb. When planned appropriately, temporizing with
provisional prostheses is often a valuable component of a well-conceived
longitudinal treatment plan.
Because bony overgrowth is a common complication of transosseous
amputation in growing children, surgery to resect painful bony overgrowth
is often necessary in the management of this patient population. Various
surgical techniques that have attempted to limit bony overgrowth have not
been universally successful in preventing this complication.

Outcomes After Amputation
The rehabilitative process should start before surgery in an elective
amputation and as soon as possible in a traumatic amputation. Peer
counseling has proven extremely valuable in dealing with posttraumatic

stress disorder after amputation.3,14-16 Early transfer training and
ambulation with crutches or a walker should be accomplished before
prosthetic limb fitting. It is also important that the patient’s progress be
monitored so that problems can be identified and treated early.

Summary
Surgeons should consider amputation surgery as construction surgery. It is
the first step in the rehabilitation of a patient with a nonsalvageable limb.
Preoperative planning methods should be similar to those used by a
fracture or joint arthroplasty surgeon. To achieve optimal outcomes for
patients, each step in the amputation process should be accomplished with
a reasonable surgical plan, including a plan to prevent complications and
methods to aggressively manage complications if they occur.
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Chapter 3

General Principles of
Postoperative Residual Limb
Management
Frank Gottschalk, MD

Abstract
Various postoperative management protocols have been used over the years
to care for postoperative wounds and residual limbs after amputation. The
most successful protocols have been those using modern soft dressings,
including negative-pressure incision and wound dressings. Compression
dressings and various types of rigid dressings, including removable rigid
dressings, are applied over the incision dressings and help reduce
postoperative edema. Some of the newer postoperative dressings are
impregnated with silver ions. The goal of each type of dressing is to improve
wound healing and shorten the time to prosthesis fitting.

Keywords: compressive dressing; hydrofiber dressings;
incision and wound dressings; negative-pressure dressing;
protective dressing
Dr. Gottschalk or an immediate family member is an employee of Biogen
Idec and has stock or stock options held in Pfizer and Zimmer and is an
employee of Biogen Idec.

Introduction
The management of immediate and early postoperative wounds and
residual limb care is generally not well described in surgical texts. The
goal of such care is to ensure uncomplicated healing in as short a time as
possible. Because many lower limb amputations are a consequence of
diabetes mellitus and vascular disease, wound healing problems are
common and may subsequently result in a more proximal-level

amputation. Traumatic amputations may have unrecognized tissue
damage, and wound care is paramount to subsequent satisfactory healing.
The minimization of wound healing issues begins at the time of surgery by
removing dead, nonviable, and infected tissues and ensuring the adequate
viability of remaining tissues. Soft tissue (muscle, fascia, and
subcutaneous tissue) and skin closure without tension is key to reducing
the potential for wound breakdown and failure to heal.
In the past several years, scientific articles have been published that
document superiority of one method of wound care over another. Several
studies have noted that some form of rigid or supportive dressing is better
than soft dressing alone.1-4 Various types of postoperative management
are currently in use, with some incorporating modifications from older
methods. Immediate postoperative management encompasses the
application of initial wound or incision dressings and coverings and more
sophisticated applications of compressive, elastic support, and/or rigid
dressings. After the initial postoperative care, various additional coverings
are used, all of which are intended to aid in protecting the residual limb
and assisting amputee mobility. The use of various soft-tissue dressings to
“shape the residual limb” has been invoked in the past; however, the shape
of the residual limb is determined by the quality of the surgery and the
length of the bone and soft-tissue flaps, not by the bandages and
wrappings. The use of rigid dressings in the early postoperative period
helps to reduce trauma to the residual limb and minimize tissue
breakdown, which may help in reducing edema. The application of ice
packs to the end of the residual limb may also contribute to edema
reduction.

Incision and Wound Dressings
In general, postoperative wound dressing of the amputated limb may be
divided into the following categories: soft dressings, negative-pressure
wound dressings, and hydrofiber dressings.

Soft Dressings
Soft dressings traditionally have been used to cover the residual limb after
surgery. Their role is to cover the suture line and wrap the limb to hold the
incision dressings in place. Gauze wraps do not reduce edema, nor do they
affect the shape of the residual limb. Residual limb shape is determined at

the time of surgery and is affected by muscle, soft tissue, skin flaps, and, in
certain areas, by the shape and length of the bones, such as tibia and fibula
or radius and ulna.
Soft dressings include cotton or polyester gauze pads and wrapping
with cotton gauze rolls or conforming polyester rolls.1 These dressings are
used to hold wound and incision coverings in place, but they do not
provide support for the residual limb. The dressings are permeable and
help absorb drainage from the incision, but they do not provide a
substantial degree of wound protection.1,2 Soft dressings are ubiquitous in
their use and inexpensive. Wrapping gauze rolls over the end of the
residual limb frequently requires some expertise to ensure even
distribution. Major disadvantages of soft dressings are that they tend to
loosen and require reapplication as frequently as every 3 to 4 hours. These
dressings may provide padding when a compressive sleeve or rigid
dressing is required.

Figure 1

Photograph of a residual limb after an open
transtibial amputation. A negative-pressure dressing covers the
wound.

Petroleum-impregnated gauze is frequently applied to the incision site
at the conclusion of the surgical procedure, and it is then covered with
regular gauze. Some form of wrap (often a gauze roll or elastic wrap) is
then applied. Many surgeons use these dressings instead of rigid dressings
because they prefer to view the incision site on a daily basis, although it
has been shown that this is often unnecessary.3
In 1980, Kane and Pollak4 reported no statistical difference in narcotic
use among patients with amputations resulting from vascular causes who
were treated with soft dressings or those who were fitted with an
immediate postoperative prosthesis (IPOP). However, the analgesic

protocols at that time were different from those in current use.
Nonetheless, wound necrosis developed in 21% of the patients treated with
the IPOP, and infection occurred in another 21% of those patients. In the
patients treated with soft dressings, wound necrosis developed in 17% and
infection occurred in 33%, which was not statistically different from those
treated with rigid dressings. The authors noted that 56% of the patients
managed with the IPOP became prosthesis users compared with 22% of
the patients managed with soft dressings. There were no reported
important beneficial or harmful effects of the IPOP on early healing
outcomes after amputation.

Figure 2

Photograph of a residual limb after an open
transfemoral amputation. A negative-pressure wound dressing
was applied at the end of the first-stage surgery.

Negative-Pressure Wound Dressings
Negative-pressure wound dressings (also known as vacuum-assisted
closure dressings) are becoming more widely used and are commonly

applied in orthopaedic surgery for open wounds associated with fractures,
after wound débridements, and before skin closure, as well as for
contaminated and infected wounds when closure is contraindicated
(Figures 1 and 2). These devices use open-pore foam to fill the wound
cavity, an occlusive wound dressing, suction tubing, and a suction device.
A wound-healing mechanism of action of negative-pressure wound
dressings is the bringing together of the wound edges by the suction
distributed through the foam sponge.5,6 Another healing mechanism of
action, which has been determined by finite element computer analysis, is
the 5% to 20% strain that negative-pressure wound dressings produce
across the healing tissues. This strain promotes cell division and
proliferation, growth factor production, and angiogenesis.6 Other reported
benefits of negative-pressure wound dressings are removal of edematous
fluid and exudate from the extracellular space and removal of
inflammatory mediators and cytokines, whose prolonged effect can hinder
the ability of the microcirculation to support damaged tissue. Another
positive factor in wound healing is reduction of wound desiccation and
enhanced formation of granulation tissue. There is convincing evidence to
support the hypothesis that the reduction of lateral tension and hematoma,
coupled with an acceleration of the elimination of tissue edema, are the
main beneficial mechanisms of action of negative-pressure wound therapy
over the incision site.7
Over the past several years, there has been an increased frequency in
managing residual limb wounds with negative-pressure dressings applied
over the incision site at the conclusion of surgery (Figures 3 and 4).
Applying these dressings to closed incisions reduces the relative risk of
infection.8 A randomized controlled trial demonstrated a decrease in
postoperative seromas after the application of incisional negative-pressure
wound dressings after total hip arthroplasty.9 A study by Hansen et al10
confirmed that negative-pressure dressings reduced or eliminated
incisional drainage after hip arthroplasty, and no adverse effects were
reported. Negative pressure set between 50 and 125 mm Hg helps to
reduce edema and decrease incisional drainage.6 Negative-pressure
incisional dressings are kept in place for 3 days and may be reapplied or
discarded. If no additional fluid collects in the canister over a 12-hour
period, it is recommended that the dressing be discontinued. However, it is
likely that, because of the decreased wound edge tension created by the
negative-pressure dressing, there is often no measurable fluid

accumulation in the collection reservoir. Recent studies have noted that the
benefits of negative-pressure dressings may be associated with edema
reduction, increased blood flow, and increased granulation tissue in the
wound.6,7 After 3 to 5 days of postoperative negative-pressure wound
therapy, healing time may be reduced, and there is evidence of a reduced
incidence of wound healing complications and a reduced frequency of
infections.7 Karlakki et al7 reported the existence of good evidence for
incisional negative-pressure wound therapy in orthopaedic surgery because
of the frequency of patient comorbidities and the substantial incidence of
infection. Brem et al11 reported that incisional negative-pressure wound
therapy may reduce the risk of delayed wound healing and infection after
severe trauma and orthopaedic interventions. In some instances, a rigid
dressing may be placed over the negative-pressure wound dressing on the
residual limb for added protection.12
Negative-pressure wound dressings also can be used over open wounds
before definitive skin closure in situations such as traumatic amputations
and in the presence of infection when a two- or three-stage amputation is
planned.13 For open wounds, a new negative-pressure dressing is applied
at the second-stage surgery. Two studies reported good results with the
application of a custom, topical negative-pressure dressing for open
amputations.14,15

Figure 3

Photograph of a residual limb after a transtibial
amputation. An incisional negative-pressure dressing was
applied immediately postoperatively.

Hydrofiber Dressings
Hydrofiber wound dressings consist of soft nonwoven sodium
carboxymethylcellulose fibers integrated with ionic silver. This is a
moisture-retention dressing, which forms a gel on contact with wound
fluid and has the antimicrobial properties of ionic silver.1,16
After the use of a negative-pressure dressing, a hydrofiber with silver
dressing may be applied over the incision (Figure 5). This dressing can
remain in place for up to 7 days and may cover sutures. Because the
dressing is impervious to water, patients may shower with the dressing in
place. There has been renewed interest and research in using ionic silver
(the oxidized active state of silver) as a prophylactic antimicrobial agent in
wound dressings because of its broad-spectrum antibacterial range.16 The
gel promotes a moist wound-healing environment but absorbs any wound
exudate and contains it away from the wound. Because of the
antimicrobial effect of silver, this dressing has the potential to reduce
postoperative infections.1 Cutting et al17 reported that the silver in the
hydrofiber dressing provides a certain amount of resistance to infection. In
a randomized study of acute surgical wounds in 100 patients, the
performance of hydrofiber and alginate dressings was compared.18 Ninetytwo percent of patients randomized to the hydrofiber dressing were found
to experience less pain (mild or none) compared with 80% of those who
received alginate dressings. Similarly, 84% of patients who had hydrofiber
dressings were pain free at 1 week postoperatively compared with 58% of
those treated with alginate dressings. Although statistical significance was
not shown, the authors concluded that hydrofiber dressings consistently
performed better than the alginate dressings.

Figure 4

Photograph of a residual limb after a transfemoral
amputation. An incisional negative-pressure wound dressing
was applied at wound closure.

Compressive Dressings
Compressive dressings consist of elastic and conforming dressings. The
original compressive dressing was an elastic bandage or sleeve. Newer
materials have been developed to apply more uniform pressure over the
residual limb. These dressings apply a measure of compression to the limb
and help control postoperative edema.19,20 The most basic compression
dressing is the elastic wrap, which should be applied in a figure-of-8
configuration, with the most pressure applied distally to proximally
(Figure 6). Applying uniform pressure is difficult with this method, so the
wraps have to be reapplied every 4 to 6 hours. Volume reduction takes
more time in the first 2 weeks after surgery with elastic compression
dressings compared with rigid dressings and is not as effective.21,22
Another form of elastic dressing is an elastic shrinker or sock, which has
built-in elasticity and is rolled onto the limb23 (Figure 7). The socks are
available in various sizes and materials, are provided by a prosthetist, and
may be kept in place throughout the day and night for as long as required.
They are helpful at night to reduce edema when a prosthesis has been
fitted and is doffed after daily use. In shorter residual limbs, a suspension

belt may be required to hold the shrinker sock in place.

Figure 5

Photographs of a hydrofiber dressing in place over
a transtibial amputation incision (A) and the incision site 10
days after surgery (B).

Compression devices to help reduce edema include polymer gel socks
and thermoplastic and silicone liners24,25 (Figures 8 and 9). These devices
are rolled onto the limb and stay in place because of their compressive
force and associated evenly distributed shear friction. They are more
effective in edema reduction than elastic bandages. The liners also are used
within the prosthetic socket and may provide suspension assistance in
addition to padding.
A technique that is now rarely used after amputations is the Unna paste
dressing, a mixture of zinc oxide, calamine, gelatin, and glycerin that is
applied over successive layers of residual limb bandages that have been
applied in a figure-of-8 configuration.26,27 After 24 hours, a semirigid,
inextensible dressing is formed that prevents edema. The dressing may be
used for any level of amputation. This type of dressing was previously
used primarily by physical therapists and physical medicine and
rehabilitation physicians, but it has fallen out of favor because of newer
materials and techniques.

Protective Dressings
Protective dressings include rigid and semirigid dressings and pneumatic
postamputation mobility (PPAM) aids. These dressings are designed to
protect the residual limb in the immediate postoperative period and are
used only for a limited time until edema of the residual limb has decreased
and provisional wound healing has occurred.

Figure 6

Photograph of a residual limb wrapped with a
figure-of-8 elastic compressive bandage after a transtibial
amputation.

Figure 7

Photograph showing a tubular elastic sock rolled
over a residual limb after a transtibial amputation.

Rigid Dressings
Rigid dressings are recommended for transtibial and more distal
amputations in the lower limb and for transradial and more distal
amputations in the upper limb. Rigid dressings are kept in place for 5 to 7
days by a suspension strap28 (Figure 10). A rigid dressing is applied in the
operating room by the surgeon or prosthetist, with appropriate padding
over the bony prominences. The rigid dressing is removed after 5 to 7
days, and may be replaced if required. At the time of removal, the wound
can be evaluated. In a review of the published literature, Smith et al2

reported that several studies demonstrated that patients treated with plaster
cast dressings had substantially quicker rehabilitation times and less edema
compared with those treated with soft gauze dressings. The authors also
noted that patients treated with prefabricated prostheses had substantially
fewer postoperative complications and required fewer revisions to a higher
level compared with those treated with soft gauze dressings. A
retrospective study by Sumpio et al28 noted that transtibial amputations
managed with a rigid dressing as opposed to a soft dressing had
significantly quicker healing times (P = 0.02) as measured by the time
needed before prosthesis casting. Of 151 patients analyzed, 60 were treated
with soft dressings and 91 with rigid dressings. Patients with a soft
dressing had a statistically increased prevalence of diabetes mellitus,
hypertension, and chronic renal failure compared with the rigid dressing
group. The two groups did not show any significant differences with
regard to complications caused by infection or cellulitis. Patients with rigid
dressings healed in a median time of 76 days compared with 127 days for
the group treated with soft-dressings. Fifty percent of patients treated with
a rigid dressing had an initial casting for a prosthesis within 43 days
compared with 75 days for those receiving a soft dressing.

Figure 8 Photographs of a thermoplastic liner in place over a
transfemoral amputation (A) and a tubular liner for a transtibial
amputation (B).

A 2005 study reported an improvement in the time to delivery of the
prosthesis when a rigid dressing was used.19 In comparison to the elastic
bandaging method, the use of a rigid dressing resulted in a statistically
significant shorter period from amputation to the delivery of the first
regular prosthesis (110 days versus 50 days, respectively) and a decreased
risk of knee flexion contracture. Other studies have confirmed that rigid
dressings are preferable to soft dressings for managing patients with
transtibial amputation and result in substantially shorter times from
amputation to casting or fitting of a prosthesis.20,29,30
Vigier et al31 noted that rigid dressings helped promote healing in open
wounds of residual limbs associated with transtibial amputations for
vascular disease, as well as leading to shorter hospital stays. In 2010,
Johannesson et al25 evaluated outcomes using rigid dressings and silicone
compression liners in a standardized surgical and rehabilitation program
for 217 individuals who had undergone transtibial amputation for
peripheral vascular disease. The authors reported a reduction in morbidity
in patients treated by a dedicated team using a protocol requiring a rigid
dressing for 5 to 7 days postoperatively and subsequent incremental
applications of a silicone liner to apply residual limb compression.
Prosthetic fitting was achieved in 119 of the patients (55%), and 76 of
those patients (64%) achieved good function. Of the 217 patients in the
study, 51% had diabetes, more than 75% could walk before amputation,
and approximately 50% were living in an elderly care nursing home. The
reamputation rate (amputation to a higher level) during the first year was
8.2%.

Figure 9

Photograph of a transfemoral silicone liner with
rings for vacuum suspension.

Figure 10

Photograph of a rigid dressing with an outer
covering of fiberglass on a residual limb after a transtibial
amputation. The device for the suspension strap is seen at the
anterior brim.

The use of rigid dressings may be limited by application difficulties
and gaining access to the incision. In a 2008 study, Johannesson et al32
compared the use of a removable vacuum-formed rigid dressing and a
conventional rigid plaster of Paris dressing in 27 patients treated with
transtibial amputation. The authors found that a vacuum-formed
removable rigid dressing appears to achieve results similar to those of a
conventional rigid dressing regarding time to prosthetic fitting and a
patient’s function with a prosthesis.

Removable Rigid Dressings

Removable rigid dressings are most frequently used after transtibial
amputations and are easy to apply and use (Figure 11). A removable rigid
dressing is a transtibial cast that is suspended using an outer layer of
stockinette and held by a supracondylar femoral cuff. This technique is an
effective method for postoperative, preprosthetic, and prosthetic care of
transtibial amputees.33 Removal rigid dressings allow additional shrinker
socks to be applied as edema in the residual limb decreases.34 The removal
rigid dressing is used for 2 to 3 weeks in preparation for fitting with a
preparatory prosthesis.

Figure 11

Photographs of an individual applying a
supracondylar femoral suspension strap over an outer
stockinette.

A 2005 randomized controlled study of 50 dysvascular transtibial
amputees reported that primary wound healing of the residual limb
occurred approximately 2 weeks earlier in patients treated with a
removable rigid dressing compared with those treated with a standard soft
dressing.35 Both dressing types were applied immediately postoperatively
and were only removed for wound dressing changes. There were no
significant differences in the two groups in time to prosthetic fitting, length
of hospital stay, incidence of residual limb breakdown, and time needed
for volume stabilization of the residual limb. The authors proposed that
removable rigid dressings protect the new residual limb from trauma while

permitting regular wound access, care, and assessment.
Although upper limb amputations are less frequent than those for the
lower limb, removable rigid dressings have a place in the management of
these patients. The principles of wound care are the same, and timely
healing is a major goal.

IPOP Fitting
IPOP use has been recommended for mobilizing patients immediately after
amputation surgery. A rigid dressing is applied after an incisional dressing
has been placed. Adequate padding over bony prominences (such as the
fibular head, tibial crest, and patella) is essential, and a pylon and foot are
incorporated below the cast30 (Figure 12). A prosthetist should ensure
correct alignment of the IPOP, and patient mobilization should be
supervised by a therapist. Initially, partial weight bearing is permitted for a
few minutes at a time, with a gradual increase as the patient is able to
cooperate and regain strength. Cast changes are necessary when edema has
decreased and there is a volume discrepancy between the residual limb and
the cast. For patients to be considered for an IPOP fitting, certain
requirements should be met, including preoperative ambulatory status, no
evidence of active infection, good motivation, willingness to comply with
the required postoperative protocol, and good healing potential.30 Incision
breakdown with the IPOP fitting technique has been noted, and its use has
become less popular. One study reported that skin breakdown was higher
in the IPOP group of patients than in the non-IPOP group, but the need for
revision surgery was lower.30 The current practice is to ensure wound
healing in a 2- to 4-week timeframe and then begin prosthetic fitting and
supervised therapy.

Figure 12

Photograph of an immediate postoperative
prosthesis made using a plaster cast and prosthetic foot.

Postoperative Pneumatic Systems
The initial popularity and enthusiasm of pneumatic systems seen in the
1980s has substantially declined, and there have been no scientific articles
published in the past 10 years regarding their routine use. Pneumatic
sleeves are not used in the United States but still see sporadic use in the
United Kingdom, Europe, and Australia.
In the early 2000s, a pneumatic IPOP system was advocated for the
mobilization of lower limb amputees. This prefabricated pneumatic system
was applied in the operating room at the time of wound closure.35 The
average time to custom prosthetic limb fitting was 8.1 weeks (range, 4 to

16 weeks). Another study reported on a removable, adjustable,
prefabricated IPOP with pneumatic air bladders inflated to 20 to 30 mm
Hg.36 In a study by Schon et al,37 19 patients managed with an IPOP were
compared with a retrospective matched control group of 23 patients
managed with soft dressings. Eleven patients in the soft dressing group
required revision procedures, whereas no patients in the IPOP group
required surgical revision. The pneumatic systems were used until the
wound was healed; a custom prosthesis was then applied at an average of
approximately 3 months after the amputation surgery. For a variety of
reasons, 11 patients were able to use the temporary device for only 14 days
or less; however, this was not considered a failure of the technique.
Although the PPAM aid is not used in the United States, the device is
used in select Scottish, Scandinavian, and Australian settings.38 The
PPAM aid helps to reduce residual limb edema; allows reeducation of
postural reactions, balance, and gait; and prepares the residual limb for a
standard prosthetic socket. It can be placed over a soft dressing, an elastic
wrapping, or a plaster cast. It is initially used for a very limited amount of
time on a daily basis and under the supervision of a therapist. The PPAM
aid is designed for partial weight bearing. With progress, use of the PPAM
aid is increased over time to achieve longer weight bearing periods in the
early postoperative period. The PPAM aid is suitable for individuals with
knee disarticulations and transtibial and long transfemoral amputations. A
disadvantage of the PPAM aid is that it does not allow a transtibial
amputee to flex or extend the knee during walking.38 An alternative device
was developed that allows for knee flexion; however, no functional
differences between the two devices was noted.38
Pneumatic devices were purported to be superior to rigid cast IPOP
because they are lighter in weight, allow for better compression control,
and permit easy removal for incision inspection.2 Despite these early
claims, they are infrequently used and have been superseded by modern
postoperative amputation dressings.

Summary
Because soft dressings for amputation wounds do not provide adequate
protection, the use of dressings that are more compressive and protective is
generally recommended. With the advent of improved materials and
techniques, rigid and removable rigid dressings are considered superior for

the immediate postoperative care of patients with transtibial and
transradial amputations. Negative-pressure wound therapy is valuable for
the first few days after surgery and is followed by an appropriate
alternative dressing. Modern dressings reduce edema, enhance wound
healing, and facilitate early mobilization. This allows for accelerated,
definitive prosthetic fitting and initiation of gait training. In individuals
with an upper limb amputation, postoperative residual limb management is
vital to early prosthetic fitting and subsequent daily use of a prosthesis. In
the United States, current postoperative residual limb management after
amputation involves the use of modern treatment techniques, removable
rigid devices, systems for edema control and wound protection, and no or
protected weight bearing until incision and wound healing are achieved.
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Chapter 4

General Principles of Limb
Salvage Versus Amputation
in Adults
Christopher Bibbo, DO, FACS David J. Polga, MD Samir
Mehta, MD Stephen J. Kovach III, MD

Abstract
The decision to attempt limb salvage of an injured or diseased limb requires
good clinical judgment, knowledge of the pathologic process that put the
limb in jeopardy, and an understanding of the social and psychological
profile of the patient. Each patient must be treated as an individual based on
his or her current medical and physiologic status. A few of the factors that
require consideration are the patient’s premorbid conditions, psychosocial
factors, desires and expectation, social support network, and accessibility to
reconstruction services. Knowledge of the general principles of limb salvage
versus amputation will aid in providing optimal treatment for these patients.
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Introduction
A limb (primarily a lower limb) that is at risk for amputation and being
considered for salvage may be simplistically categorized to primarily
possess a vascular, infectious, tumorous, or trauma-related etiology. In
reality, however, these categories often overlap, increasing the degree of
difficulty to achieve limb salvage; unfortunately, difficulties in healing and
recovery after an amputation can escalate concurrently.
The general principles of limb salvage versus amputation in adults
mandate that the first consideration is always life over limb. Dire
circumstances are most commonly encountered in patients with serious
infections or multiple traumatic injuries. If limb salvage is contemplated,
the surgical team must weigh whether the treatment required for salvage is
worse than the condition or the disease state. For example, if salvage of a
limb with extensive tibial osteomyelitis is being considered in a patient
who is frail, elderly, and diabetic, the possibility of organ failure,
irreversible functional decline, and a stiff nonfunctional limb, may indicate
amputation as the prudent option. The adage of “burn no bridges” is
especially important for the at-risk limb. Any procedure must be executed
with deference to subsequent surgical interventions: how step one will
affect steps two, three, and so forth. An essential component to the overall
treatment strategy is that backup management plans must be in place in the
event of a change in the patient’s condition.
The principles of limb salvage versus amputation in adults—whether
in acute, chronic, or staged settings—mandate the assessment of several
key issues that immediately and secondarily surround the patient’s
symptoms, including the patient’s physiologic reserve and medical
comorbidities; arterial, venous, and lymphatic patency (vascular status);
neurologic and psychological/psychiatric statuses; functional potential and
quality of life; surgical site considerations and surgical procedures
available from the surgical team(s); and the availability of
multidisciplinary resource teams during the immediate perioperative and
rehabilitative phases of treatment. The key assessments in all patients are
physiologic reserve, medical comorbidities, and vascular status.

Physiologic Reserve and Medical Comorbidities

A patient must have adequate physiologic reserve to withstand limb
salvage. Moreover, all correctable organ system pathologies (for example,
renal, endocrine, cardiac, and hepatic) must be addressed to maximize
healing of both limb salvage and amputation procedures. The most
commonly encountered conditions are acute metabolic and cardiac issues
resulting from the circumstances of acute settings, as well as age-related
conditions. A patient’s nutritional health and immune competence also
must be evaluated to improve healing and help prevent complications
caused by infection1,2 (Table 1). These parameters should be identified,
with appropriate management strategies initiated immediately. However,
because timing often is critical in limb salvage procedures and
amputations, complete correction of immune and nutritional deficits often
is not feasible; correction must simply be initiated and continued
throughout the perioperative period and through hospital discharge.
Table 1 Laboratory Evaluation of Immune and Nutritional
Parameters to Help Predict Healing Response to Injury and
Surgery

Vascular Status
The principles of evaluating and treating peripheral vascular disease are
particularly important because adequate vascularity is a critical factor
when deciding on limb salvage or amputation. Adequate arterial inflow is
mandatory for all patients undergoing limb salvage, whether in the setting
of infection, trauma, the immediate coverage of defects after tumor
resection (Figure 1), or complications from external beam radiation.
Patients with peripheral vascular disease often are elderly, diabetic, and/or
smokers and may have preexisting cardiac disease. Thus, these patients
have important risk factors for perioperative complications. These risk

factors must be evaluated (for example, cardiac stress testing), and the
patient’s health status should be maximized (for example, catheterization,
control of hypertension, and diabetes). Venous outflow also may be
diminished in these patients, so adequate planning must be undertaken if
limb salvage is planned (for example, saphenous mapping for an arterialvenous loop to provide a vascular axis for a free flap). Peripheral vascular
disease typically is progressive, and multiple peripheral vascular revisions
may be required. The use of limb salvage in this setting may be guided by
the surgeon’s experience, direct input from the patient, and a global
assessment of quality of life if multiple major revisions are required.

Considerations for Limb Salvage or Amputation
Peripheral Vascular Arterial Disease
Adequate arterial blood supply to the tissues is necessary for normal tissue
metabolism and healing, and arterial inflow must be adequate before limb
salvage or amputation can be considered. The less complex Fontaine
classification and the more inclusive Rutherford classification of
peripheral vascular arterial disease (PVAD) are useful screening tools that
use patient symptoms and objective measures (arterial pressures) to allow
stratification of patients with preexisting PVAD (Table 2).
Newer classification schemes for predicting outcomes have been
presented and are being validated.3 However, the most basic and often
simplest methods to help determine successful healing after limb salvage
or amputation are still the direct physical examination and an arterial
evaluation. Arterial assessment includes both noninvasive and invasive
evaluations. Physical examination of pulses along with a bedside Doppler
examination are quick and easy initial examinations. Arteriography,
computer-assisted arteriography, and magnetic resonance arteriography are
evaluation tools to better assess and plan the technical execution of a
surgical procedure and have their relative merits (Table 3).
Transcutaneous oxygen measurements are supplemental and of greater use
in the noninvasive evaluation of chronic wound healing potential. Such
measurement provides information pertaining to a site-specific area but
has limitations when edema is present and is highly operator dependent; its
greatest utility is when amputation is selected and data on healing potential
are desired at a certain level of amputation. All of these evaluations,
however, must be tempered with experience and sound clinical judgment.

Venous outflow is important to control chronic tissue changes as well
as the health of tissues in the immediate perioperative period of limb
salvage (for example, free tissue transfers) (Figure 2). Surrogate methods
to improve venous return and reduce edema, such as intermittent gradient
compression devices, frequent medical wraps (for example,
calamine/gelatin paste dressings), and compression stockings, are vital to
improving venous return and preventing chronic adverse tissue changes. In
the immediate postoperative period of limb salvage (after free-tissue
transfers to maintain an amputation level or salvage an entire limb), mild
elevation, adequate pharmacologic anticoagulation, and dangling protocols
assist in preventing venous occlusion, which, if severe, can result in
microanastomotic arterial thrombosis.

Figure 1

A, MRI of a popliteal fossa tumor (long arrow)
involving the popliteal vessels (short arrow). B, Intraoperative
photograph of the defect after tumor and vessel resection:
clamps are on the arterial stumps, and a saphenous vein graft
(arrow) will be used. C, Photograph of the final reconstruction
for limb salvage that used reversed saphenous vein for arterial
and venous reconstruction, sural nerve grafts for motor nerve
reconstruction, and anterolateral thigh free flap for coverage of
the soft-tissue defect. (Courtesy of Stephen J. Kovach III, MD,
Philadelphia, PA.)

Table 2 Classifications of Peripheral Vascular Arterial Disease

Limb edema often is caused by multiple factors, including venous
insufficiency, reperfusion overload, and cardiac, renal, and
primary/secondary lymphatic insufficiency. The effects of chronic edema
resulting from any of the primary causes can be compounded by a
secondary etiology as well as poor nutrition (low serum albumin/protein
level, resulting in low serum oncotic pressure). Regardless of the cause,
edema is believed to result in a relative reduction of local tissue oxygen
perfusion, thus potentiating poor healing. Edema may delay wound healing
or result in tissue ulceration.4 In most patients, temporary control of edema
can be obtained during tissue healing; however, in certain patients (for
example, those with Milroy disease, those treated with radiation, or
patients who have undergone lymph node dissection), edema in the lower
limb may impede successful limb salvage.
Table 3 Tools for Arterial Evaluation

Figure 2

Postoperative photograph of partial flap necrosis
secondary to poor venous outflow. (Courtesy of Christopher
Bibbo, DO, FACS, Marshfield, WI.)

Patients who have undergone a mastectomy or axillary dissection may
have chronic edema in the upper limbs. Primary lymphatic patency should
be investigated in the setting of massive refractory edema that is
uncontrolled by medical maximization and standard control methods, such
as manual edema control programs, edema pumps, and garments.
Preoperative investigations include dye-based and scintigraphic
lymphangiograms. Although in its infancy, vascularized lymph node
transfer may be helpful in controlling massive edema in patients with
refractory edema that impedes healing after limb salvage or amputation.5

Nerve Injury and Psychological and Psychiatric Conditions
Acute nerve injury is most likely to occur in patients as the result of a
traumatic injury or in those with musculoskeletal tumors as a result of the
oncologic resection. Acute nerve injury is not a reliable predictor of

success or failure of either limb salvage or amputation.6 In general, nerve
transections are amenable to direct grouped fascicular repair. The recovery
of nerve injuries is expected at a rate of 1 mm/day. Nerve injuries that pose
special problems in trauma patients are segmental nerve loss (Figure 3)
and severe brachial plexopathies with nerve root avulsion. Nerve transfer
and grafting techniques are available that will produce good functional
results in the upper limb.6
The loss of nerve segments in a mutilated lower limb is problematic.
These cases require specialized techniques, including free vascularized
nerve transfers, in situ nerve transfers, and muscle and tendon transfers or
tenodesis. In a patient being treated with a limb salvage protocol in whom
vascular, bony, and soft-tissue issues have been successfully managed or
who has a limb with only an isolated nerve injury, strong consideration
should be given to the continuation of limb salvage efforts. This is
especially true if some motor function is anticipated. Pure sensory deficits
in a lower limb in an otherwise supple limb are not necessarily indications
for amputation. Appropriate bracing and skin protection measures may
allow the limb to assist in functional ambulation. Salvage should be given
even greater consideration in an upper limb because of the devastating
nature of upper limb amputations, especially if a lower limb amputation is
already present.

Figure 3

Intraoperative photographs of a full-length sural
nerve graft (A), which was divided into three cables for grouped
fascicular repair (B) in a patient with traumatic segmental loss
of the common peroneal nerve after an open knee dislocation.
(Courtesy of Christopher Bibbo, DO, FACS, Marshfield, WI.)

The treatment of a limb with isolated, long-segment nerve loss can be
managed with grouped fascicular nerve grafting accompanied by a long

recovery period; however, there is the potential for irreversible muscle
wasting. In patients with nerve loss accompanied by composite tissue loss
(nerve plus bone, muscle, and skin) or late loss of function, free functional
muscle transfers have become a valuable tool for accomplishing limb
salvage7-16 (Figure 4).
Patients with chronic pain syndrome (type I or II) who experience
trauma or massive infection require special consideration. In these
patients, the limb may have substantial tissue changes and limited function
before the traumatic injury or the onset of infection. In addition to the
physical state of the limb, these patients frequently have substantial
psychological disability that manifests as anxiety or depressive disorders,
including posttraumatic stress disorder (Axis I disorder), which may be
compounded by their current traumatic injury (Axis III disorder).17 These
patients should undergo a thorough neuropsychiatric evaluation as part of
the global salvage versus amputation evaluation. The patient’s
psychological and psychiatric profile weighs heavily into the equation that
determines functional recovery and overall quality of life. In up to 50% of
patients with type I chronic pain syndrome, pain will worsen with
amputation;18 nevertheless, the patient may elect amputation after
thorough counseling (Figure 5). Limb salvage procedures can also result
in substantial additional physiologic stress for these patients, deterioration
of their mental health status, and worsening of their pain syndrome.
However, appropriate multidisciplinary counseling, careful planning, and
realistic expectations can achieve reasonable outcomes after limb salvage.

Figure 4

Intraoperative photograph of arm reconstruction
with a functional gracilis free-tissue flap. Motor branch to
gracilis muscle (inset, white dashed circle) is anastomosed to
the proximal musculocutaneous nerve using subcostal nerve
grafts (white arrow). Arterial and venous vessels are
microanastomosed to branches of the brachial vessels.
(Courtesy of L. Scott Levin, MD, Philadelphia, PA.)

Unique considerations also apply to patients who sustain complete
spinal cord injuries or severe closed head injuries. In patients who are
paraplegic, the level of injury, overall limb function, and the care setting
are critical in determining whether to proceed with limb salvage or
amputation. For example, if the patient has the potential to use a “stander”
platform, or the limbs assist with sitting and balance, salvage should be
considered. Limb salvage of an upper limb is warranted in paraplegic
patients because the upper limb often is the patient’s last resource for
independent function. Patients who are either paraplegic or quadriplegic
with an at-risk limb require thorough evaluation. If the limb is a liability to
the patient’s near-term overall health or survival, amputation may be the
best option (Figure 6). Patients with closed head injuries and an expected
poor recovery must be evaluated and managed in the acute setting (life
over limb), but the long-term sequelae of their brain injuries, including
useful functional status, must be considered.

Figure 5

Clinical photograph (A) and AP radiograph (B) of
the infected lower limb of a 38-year-old patient with type I
chronic pain syndrome who smokes and had five surgeries for
polymicrobial drug-resistant osteomyelitis (staged as CiernyMader type B-IV). The patient elected transtibial amputation.
(Courtesy of Christopher Bibbo, DO, FACS, Marshfield, WI.)

Patients with progressive neurologic conditions who have little chance
of having a functional or useful limb require a preemptive psychological
and psychiatric evaluation along with a global assessment of future quality
of life, with or without the limb. The surgeon must remember that all
patients value an intact body image, which directly affects mental health
and global quality of life. Thus, the value of a psychological and
psychiatric evaluation and an open dialogue with the surgical team, which
concentrates on realistic goals, outcomes, and patient desires, are vitally
important. In situations in which limb preservation or amputation is
required to preserve life, the surgical team may have to make a decision
without input from the patient.

Functional Potential and Quality of Life
The assessment of future limb function is made by the treating orthopaedic
surgeon in conjunction with input from the physical medicine and the
rehabilitation teams. Typically, motor function and patient motivation are
the key factors in achieving optimal function and quality of life. The
patient’s perception of his or her future quality of life may be strongly
influenced by the surgical team leader’s expertise and experience;
therefore, it is important that the surgeon provide an unbiased assessment
of the pros and cons of limb salvage and amputation.

Multidisciplinary Resources
Complex limb salvage or major amputation surgery require a
comprehensive, sophisticated set of surgical services, including trauma,
oncologic, orthopaedic, plastic reconstructive, and vascular disciplines.
Ancillary services, including physical medicine, rehabilitation, prosthetics
and orthotics, physical and occupational therapy, psychology, psychiatry,
and discharge planning should also be available to aid the patient
throughout his or her hospitalization and during the rehabilitation phases
of recovery.

Infection in an Adult
The need to consider limb salvage in the setting of musculoskeletal
infections is common. Severe necrotizing infections may occur in
otherwise healthy patients, but patients who are immunocompromised are
more likely to have an at-risk limb and systemic sepsis. In addition, these
patients often have diabetes and poor glucose control. Other at-risk
subgroups include patients with pharmacologic immune suppression, such
as those who have had a solid organ transplant and are steroid dependent;
those receiving tumor necrosis factor-α and interleukin-6 suppression for
conditions such as rheumatoid arthritis or Crohn disease; and patients with
cancer. Infection control is essential because continued infection results in
tissue death and local and regional arterial and venous thrombosis, which
perpetuate the process of tissue necrosis.

Figure 6

A, Pelvic radiograph of a patient with septic T5level paraplegia with massive recurrent decubitus ulcers (after
failure of previous rotation flaps), diffuse osteomyelitis,
pathologic fracture of the hip and acetabulum, and fixed ankle
and knee flexion deformity. Intraoperative photographs show
the massive decubitus ulcer that extended to the hip joint and
pathologic fracture (B), enucleation of the infected femur (C),
and creation of the thigh fillet flap (D). E, Final AP radiograph of
the internal hemipelvectomy resection and creation of the pelvic
sling with biologic mesh (dashed circle). F, Final intraoperative
photograph of the pelvic resection margins and inset thigh fillet
flap. The flap is made slightly large to re-create the silhouette of

a limb, as well as provide redundant tissue for possible future
needs. (Courtesy of Christopher Bibbo, DO, FACS, Marshfield,
WI.)

Bacterial infections remain the most common type of infections,
whether the primary source is the integument or muscle.19 Direct
extension of the infection into other tissues can be rapid, especially in
necrotizing infections. The immediate goals of limb salvage are to halt
further spread of the infection (thus limiting systemic toxicity and the
amount of local tissue destruction) and preservation of the integrity of the
major and secondary vessels of the limb.
Fungal infections are suspect for underlying immune suppression and
may involve soft tissue and bone and disseminate to internal organs.
Fungal infections in patients who are immunocompromised may be
extremely difficult to eradicate and often have high morbidity and
mortality rates, necessitating consideration of amputation. However, if the
patient has adequate physiologic reserve to tolerate multiple wide
débridements and long-term antifungal therapy and the potential for use of
a functionally salvageable limb, then attempts at limb salvage are
warranted (Figures 7 and 8).

Figure 7

MRI scan of a massive calcaneal blastomycosis,
with concomitant involvement of the spleen, liver, and skin, in

an immunocompromised patient. A staged reconstruction of the
calcaneus
using
multiple
débridements,
fluconazole/voriconazole antifungal beads, and massive
autologous bone grafting resulted in salvage of the patient’s
foot. (Courtesy of Christopher Bibbo, DO, FACS, Marshfield,
WI.)

When acute or chronic osteomyelitis is present, thorough débridement
is needed. The patient’s comorbidities and the extent of the osseous
infection are critical factors when undertaking limb salvage for
osteomyelitis. The Cierny-Mader classification for chronic adult
osteomyelitis (Table 4) provides categoric descriptive items that should be
considered; however, this tool cannot dictate treatment plans. The key
assessments as outlined in this chapter also must be examined. Evaluation
tools for osteomyelitis include plain radiographs and indium111/technetium dual-window scans with “spot” CT and MRI.
The most reliable method for the diagnosis of osteomyelitis is the
analysis of deep bone cultures surgically obtained from a patient who has
not been given antibiotics for 5 to 7 days before the specimen is obtained.
Osteomyelitis is a biologically complex disease. Deep bone specimens
must be obtained because surface areas will be heavily contaminated.
Specimens should be sent for aerobe, anaerobe, acid fast, and fungal
cultures. Specimens with negative cultures should be held for bacterial 16S
polymerase chain reaction testing and, if appropriate, 18S polymerase
chain reaction testing for fungal infections. However, patients with the
most complex cases of osteomyelitis may still warrant limb salvage, even
if an unstable soft-tissue envelope is present (Figure 9).

Figure 8

An extensive mucormycosis infection developed in

the lower limb of a patient with type 1 diabetes after an open
ankle fracture. A, Preoperative photograph of the limb. Purpuric
skin discoloration may be seen in mucormycosis infections
along with dark discoloration of the deep soft tissues.
Intraoperative photographs of the limb salvage procedure that
included multiple débridements and an amphotericin rod and
beads, parenteral liposomal amphotericin, wide resection of the
involved skin and bone, followed by a peroneus brevis flap (B)
and use of a fine-wire frame (C). D, Final radiograph showing
successful limb salvage with tibiotalar fusion. (Courtesy of
Christopher Bibbo, DO, FACS, Marshfield, WI.)

Table 4 Cierny-Mader Classification of Adult (Chronic)
Osteomyelitis

Infection in the Upper Limb
Infections of the upper limb are less common, with hand infections
comprising the bulk of upper limb infections. Nonetheless, upper limb
amputations are very disabling, so every effort should be made to preserve
an infected limb. In patients with diabetes, upper limb infections are
extremely serious, especially when osteomyelitis is present. Multiple
staged irrigations and débridements, stabilization, and restoration of bone
and soft-tissue integrity are needed (Figure 10).
Infected joint prostheses with nonhealing wounds that expose the
implant present a considerable challenge to successful limb salvage.
However, diligent care and adherence to the principles of adequate
débridements, culture-specific antibiotics, bony stabilization, and wound
coverage, may allow the limb to be salvaged; more challenging cases may
require flap coverage (Figures 11 and 12) or late functional free-flap
tissue transfers (Figure 4).
Because the upper limb has highly specialized functions, limb salvage

is the preferred option if feasible. When salvage is not possible,
amputation and prosthetic fitting should be considered. In the past, upper
limb prostheses provided limited function; however, current techniques to
augment function, such as targeted muscle reinnervation techniques, hold
promise for regaining motor group function that will facilitate the
improved use of upper limb prostheses.20

Figure 9

Images demonstrate limb salvage in a 35-year-old
man who is an alcoholic and smoker and who has tibial
osteomyelitis and an unstable soft-tissue envelope. A, Clinical
photograph of the unstable soft-tissue envelope. B, AP
radiograph shows diffuse grade IVB osteomyelitis. C, Oblique
radiograph shows posttraumatic osteonecrosis of the femoral
head and neck (arrow). D, Intraoperative photograph of the
proximal tibial ring block for proximal tibial distraction
osteogenesis. Soft-tissue and bone resection margins are seen
at the distal third of the leg. E, Intraoperative photograph of the
reverse sural flap coverage over the soft-tissue defect. F, Full-

length radiograph of the limb with knee reconstruction in
progress. A total hip arthroplasty was performed to regain hip
function and limb length from the contribution of the pelvic
girdle. G, Postoperative final clinical photograph after full
healing of the bone and soft tissue. H, Final postoperative AP
radiograph. The bifocal Ilizarov method of distal compression
and proximal distraction osteogenesis restored bone length and
alignment. (Courtesy of Christopher Bibbo, DO, FACS,
Marshfield, WI.)

Figure 10

Diffuse osteomyelitis and sepsis developed in a
74-year-old right-hand–dominant patient with type 1 diabetes
after three failed attempts at stabilization of a distal radius
fracture. Clinical volar (A) and dorsal (B) photographs of the
infected hand and distal forearm. C, AP radiograph of the wrist
demonstrating diffuse osteomyelitis. D and E, Intraoperative
photographs of wide débridements of soft-tissue and bone. F,
Radiograph shows Ilizarov stabilization. G, Intraoperative
photograph of pan-wrist fusion after administration of parenteral
antibiotics and obtaining negative bone cultures. H, Conversion
to a hinged external ring fixator with distractive/compressive
struts. Negative-pressure dressing is seen on the volar wrist
surface. I and J, Final postoperative photographs show
successful limb salvage after healing of the volar skin grafts.
Osseous union allowed removal of the external fixator, which

was followed by aggressive edema reduction and hand
therapy. (Courtesy of Christopher Bibbo, DO, FACS,
Marshfield, WI.)

Foot Infection in Patients With Diabetes
Diabetic foot infections in patients 65 years or older occur at a rate of 6%,
with a concordant 11% mortality rate that increases to approximately 22%
after a lower limb amputation.21 Diabetic ulcers range in severity from an
ulcer at the tip of a toe to massive ulcers with infection of an entire limb
(Figure 13). Aggressive débridements, the use of negative-pressure
dressings (including antibiotic/antiseptic instillation), hyperbaric oxygen
therapy, and proper management of diabetes have been successful in
salvaging the foot in most diabetic patients with foot infections. However,
many patients with diabetes and foot infections are challenging to treat
because of multiple preexisting medical comorbidities. These patients
require metabolic control and optimization of cardiovascular health and
peripheral vascular system functions to allow successful limb salvage.
Medical management is needed to control blood glucose levels, and
dialysis needs and electrolyte balance must be optimized. The patient
should be carefully evaluated for cardiac disease; a low threshold for
perfusion stress testing and catheterization is warranted. If the patient does
not have adequate physiologic reserve and the reversal of coexisting
medical comorbidities is not possible, then primary amputation should be
considered. However, in the absence of contraindications, limb salvage can
achieve positive results, allowing a patient to have a useful limb for
locomotion in the home or community.
If limb salvage is planned for an infected lower limb, it is necessary to
ensure that the limb has adequate vascularity and will be useful to the
patient (for example, helping to propel a wheelchair or allowing full
ambulation). It is important that the salvage procedure does not create
circumstances that will place the limb or the patient’s life at future risk.
For example, when multiple toes require amputation, resulting in a foot
with one or two toes, the salvaged toes, foot, and limb are at greater risk of
injury and infection. In this setting, isolated toe salvage may not be
prudent, and a higher-level amputation (for example, transmetatarsal) may
provide a more durable, stable limb.

Figure 11

Intraoperative photographs of an acutely exposed
and infected but well-fixed total knee replacement with a softtissue defect (A), treated with extensive débridement and
polyethylene insert exchange (B), and an extended medial
gastrocnemius myocutaneous flap (C). (Courtesy of
Christopher Bibbo, DO, FACS, Marshfield, WI.)

Efforts for salvage or amputation to the transtibial level are
encouraged.22-25 However, even in patients with diabetes and PVAD, limb
salvage by methods such as free tissue transfer can result in good longterm results after revascularization; thus, amputation is not the automatic
choice in all patients with dysvascular disease or diabetes.26

Charcot Neuroarthropathy in Patients With Diabetes
Charcot neuroarthropathy is a debilitating disorder that affects up to 2.5%
of patients with diabetes. First described in patients with tabes dorsalis, it
is now recognized as a complex problem that involves neuropathy, an
overall altered metabolic state that results in an imbalance of the
neurohumoral regulatory mechanisms of the bones and joints of the foot
and the ankle. On a cellular basis, an inciting event appears to trigger cellsignaling pathways, resulting in an imbalance of osteoclastic and
osteoblastic activity.27 If the patient has substantial loss of bone mineral
density, a neuropathic dislocation will develop and frank Charcot bone
destruction may ensue,28 causing loss of periarticular bony stability, joint
destruction, and varying degrees of collapse of the foot and the ankle.
Protected weight bearing and strict diabetic control will cause the

process to enter a resolution phase, with the final outcome from the
Charcot process resulting in a spectrum of resultant deformities. If altered
weight bearing and poor diabetic control remain untreated, skin
breakdown, ulceration, and soft-tissue and bony infections may result.
Limb salvage is an option in patients with Charcot neuroarthropathy, even
when severe open wounds and bone loss are present (Figure 14). In the
experience of the lead author of this chapter (CB), the management of
physiologic parameters (namely blood glucose control) is of utmost
importance for acute and long-term success.

Physiologic Reserve and Comorbidities
In the setting of acute necrotizing or purulent infections, the first
consideration is preservation of life over limb. It should be recognized that
the use of antibiotics or antifungal medications with their attendant
toxicities, multiple débridements with blood loss, and the possibility of
multiple future reconstructive surgeries place great stress on a patient,
especially an elderly patient with major medical comorbidities. However,
in many of these patients, successful limb salvage can be obtained with
proper medical and surgical management.

Figure 12

Images of an 84-year-old man with Parkinson
disease who had a massive nonhealing infected elbow wound
on his nondominant upper limb after total elbow arthroplasty. A,
Clinical photograph of the chronically infected elbow wound that
exposed the arthroplasty implant. B, Lateral radiograph shows
the loose, infected elbow arthroplasty. C, Lateral fluoroscopic
image after bony and soft-tissue débridements, removal of the
infected implant, and insertion of antibiotic-impregnated
polymethyl methacrylate beads. D, Intraoperative photograph.
After control of the acute infection, a flexor carpi ulnaris muscle
rotation flap was used to reduce the deep potential space and
provide a base for resurfacing the soft-tissue defect of the
elbow. E, Intraoperative photograph. A split-thickness skin graft
was placed over the flexor carpi ulnaris muscle flap, and an
Ilizarov ring fixator was applied to stabilize the elbow
reconstruction. This method was important to counteract the
patient’s elbow tremor and relieve pressure on the soft-tissue
reconstruction. F, Final photograph of the healed elbow
reconstruction. (Courtesy of Christopher Bibbo, DO, FACS,
Marshfield, WI.)

Musculoskeletal Tumors
Physiologic Reserve and Comorbidities
Patients with cancer who are faced with limb salvage or amputation are
unique in that primarily pathologic lesions and the stage of the lesion
determine the appropriate treatment option. Patients undergoing adjuvant
or neoadjuvant chemotherapy or radiation may become acutely ill and
malnourished, but this is a short-term complication and is correctable with
dietary supplements. In contrast, patients with tumor recurrence may
require multiple bouts of chemotherapy over a long treatment period. The
use of anthracycline-based agents often results in irreversible
cardiomyopathy; however, with the exception of those with Ewing
sarcoma, most patients in need of limb salvage have not been treated with
an anthracycline-based agent unless they were enrolled in an experimental
protocol.29 The patient with musculoskeletal sarcoma usually is otherwise
healthy (unless associated with a multiple neoplastic syndrome), and
reconstructive efforts are usually immediate with a single-stage limb
salvage procedure. In patients with musculoskeletal oncology who are
physiologically unable to meet the challenge of limb reconstruction,
primary amputation below the pelvic girdle may be the best option.

Figure 13

A, Intraoperative photograph of a necrotizing
infection in a patient who has type 1 diabetes, vascular
disease, and renal failure. B, Intraoperative photograph of the
final wound after débridements and culture-specific antibiotics.

C, Clinical photograph of successful limb salvage after
protection in a fine-wire external fixator and the use of collagenbased ingrowth matrix, negative-pressure dressings, and skin
grafting. (Courtesy of Christopher Bibbo, DO, FACS,
Marshfield, WI.)

Arterial, Venous, and Lymphatic Patency
The timing of external beam radiation therapy in relation to reconstructive
limb salvage is important. A balance must be struck with early
neoadjuvant external beam radiation versus adjuvant radiation because
local or free-tissue flap reconstruction in radiated fields is difficult and
prone to complications. Thus, larger flaps with vascular pedicles outside of
the field of radiation may be required. Brachytherapy may allow for the
concentrated application of radiation, limit the field of exposure, and be
performed in the single-setting treatment of musculoskeletal sarcomas.

Neurologic Status
When major motor nerves are sacrificed during an oncologic resection,
tendon transfer or extensive bracing often is required. If radiation therapy
is not required, it is possible that free functional muscle transfers can be
used to provide function.7-16 However, if extensive postoperative radiation
is likely to result in postradiation fibrosis of a functional muscle transfer, it
may be best to consider other acute reconstructive techniques or delay a
free functional muscle transfer.
Sensory nerve preservation is usually of less concern, but techniques
using local flaps with sensory nerve splitting and transfer have been
successful in providing soft-tissue coverage and protective sensation.30

Functional Potential and Quality of Life
The patient’s quality of life is a critical determinant when considering limb
salvage in a patient with cancer. Influential factors include the type of
cancer, the oncologic stage and grade of the sarcoma, 5- and 10-year
survival rates for the involved cancer, and the patient’s age and
preoperative functional capacity. Although the surgical and medical care
of patients with musculoskeletal tumors can be challenging, there is often
time for more planning and more certainty in expected outcomes in this
patient population. In addition, advances in the perioperative management
of patients with tumors31,32 as well as refinements in limb salvage

implants have made limb salvage a goal among orthopaedic oncologists
and reconstructive surgeons33 (Figure 15). A multidisciplinary team
approach that includes an orthopaedic oncologist, a reconstruction
surgeon, a medical oncologist, a general medicine practitioner, a radiation
oncologist, a physical therapist, and a prosthetist can best manage these
complex cases.

Figure 14

Images of a patient with ankle Charcot
neuroarthropathy with a deep, infected soft-tissue wound and
osteomyelitis
that
was
successfully
managed
with
débridements, antibiotics, tibiocalcaneal fusion, and fine-wire
external fixation. A, Intraoperative photograph of the lateral left
ankle demonstrates severe ankle varus instability and the
extent of the wound. B, AP weight-bearing radiograph of the left
ankle shows the severe varus instability. C, Lateral radiograph
demonstrates configuration of the fine-wire ring external fixator
that was applied immediately after extensive débridement. The
external fixator allowed immediate partial weight-bearing
mobilization. (Courtesy of Christopher Bibbo, DO, FACS,
Marshfield, WI.)

Trauma
Physiologic Reserve and Medical Comorbidities
The decision to proceed with limb salvage or amputation in a patient who
sustains a severe traumatic injury is clinically challenging. Clinicians
typically determine the overall magnitude of injury to a limb based on the
fracture pattern, degree of soft-tissue injury, level of contamination, and
vascular status (Figures 16, 17, 18 and 19). Occasionally, decision making
is simplified if the patient is in extremis and emergent amputation (often a

complete amputation) contributes to saving the patient’s life.
The decision to salvage or amputate a severely injured lower limb has
long been a vexing problem. The Lower Extremity Assessment Project
(LEAP) study evaluated the outcomes of lower limb salvage versus
amputation in patients sustaining high-energy injuries.34 Data from the
study challenged previous paradigms in that outcomes for limb salvage or
amputation may be more influenced by a patient’s socioeconomic status,
personal resources, and overall psychosocial health than by the degree of
bodily injury alone.34 Thus, limb injuries that often were determined to be
either salvageable or requiring amputation are now evaluated on a
spectrum that considers socioeconomic factors, outpatient resources,
premorbid conditions, the magnitude of the injury, and potential
therapeutic interventions.

Arterial Injury
Early vascular assessment and a recognition of arterial disruption are
critical for successful limb salvage. Prolonged ischemia times result in
irreversible cell damage and death that may be so extensive that
amputation is required. Arterial inflow may be caused by arterial
transection, thrombosis, or physical interruption by a displaced fracture.
Thus, it is essential that the injured limb be provisionally reduced to lower
the risk of deformity that may cause blood vessels to kink (Figure 16).
The primary assessment of the patient also should include checks for
pulses, skin temperature, and capillary refill at and below the zone of
injury. A Doppler probe is used to evaluate nonpalpable pulses, listen for
bruits (audible sounds associated with waveform changes), and determine
the ankle-brachial index. An ankle-brachial index of less than 0.9 in an
otherwise healthy young adult (no history of PVAD or diabetes) indicates
a potential vascular injury and requires further analysis.35 Such analysis
may include a noninvasive color Doppler ultrasonography, computerassisted arteriography, or arteriography. A doubling of the flow velocity
across the area of injury indicates an occult intimal lesion. When concern
for vascular injury exists, a vascular surgeon should be consulted.
The time from vascular injury to reperfusion of the tissues is a factor
often considered when attempting limb salvage. It is generally thought that
revascularization becomes a relative contraindication after 6 hours from
the time of injury.36,37 Limb ischemia is so critical in trauma patients that
ischemia times beyond 6 hours elevate the severity of injury on several

injury scoring systems.38-40 However, the role of collateral flow states in
major axial arterial injuries can influence outcomes and should be
considered on a case-by-case basis.
In the setting of unstable fractures and vascular injury, there is no
universal agreement on the sequence of fracture stabilization versus
vascular repair.41,42 The logical approach is to perform the most expedient
sequence of orthopaedic or vascular procedures to temporarily stabilize or
reperfuse the limb, followed by more definitive procedures.

Neurologic Status
Peripheral nerve injury is common with limb trauma and becomes
increasingly more likely with the increasing severity and volume of softtissue injuries. Often, a complete neurologic examination of the limb can
be difficult in the acute setting (for example, the presence of a decreased
Glasgow Coma Scale score, intubation, or massive soft-tissue injury with
limb deformity), and a cursory baseline examination is all that is afforded.
Surgical exploration and inspection are critical, as well as follow-up
secondary survey examinations.
Loss of plantar foot sensation was thought to be an important factor in
deciding between limb salvage and amputation. However, Bosse et al43
reported that, based on health-related quality-of-life activities and the
percentage of individuals returning to work at 12 or 24 months after
amputation, loss of plantar sensation alone should not be considered as a
factor for deciding between limb salvage and amputation in patients with
severe lower limb trauma.

Functional Potential and Quality of Life
Data from the LEAP Study Group have shown that previous predictive
scoring systems (for example, the Mangled Extremity Severity Score) have
little use, and limb salvage may have equivalent outcomes to amputation in
properly selected patients.44-48 The data indicate that outcomes are
influenced by the following factors: rehospitalization for a major
complication, less than a high school education, a household income below
the federal poverty line, nonwhite race, no insurance or Medicaid
coverage, a poor social support network, a low level of self-efficacy,
smoking, and legal system involvement for injury compensation.44-48

Figure 15

Intraoperative photograph of a proximal tibia
modular prosthesis for limb salvage. Wounds were closed and
covered with medial and lateral gastrocnemius flaps and skin
graft. (Courtesy of David A. Erlich, MD, Philadelphia, PA.)

Figure 16

AP radiographs of a high-grade pilon fracture (A)

with loss of pulses. Immediate reduction and “traveling traction”
provided return of pulses and provisional stabilization and
restoration of leg length (B). (Courtesy of Christopher Bibbo,
DO, FACS, Marshfield, WI.)

Figure 17

Intraoperative photograph (A) and lateral
radiograph (B) of traumatic injury to the foot resulting in a highgrade Tscherne soft-tissue injury with open ankle and
calcaneus fractures; note degloving of the skin distally. This
patient had a history of one vessel run-off (a single vessel
limb), and the wound was highly contaminated. Amputation was
elected as final management in the subacute setting. (Courtesy
of Christopher Bibbo, DO, FACS, Marshfield, WI.)

Availability of Multidisciplinary Resources
A resource-intensive process is required for the treatment of patients who
sustain severe, limb-threatening, traumatic injuries—whether limb salvage
or amputation is undertaken. A variety of medical practitioners are
involved with the care of these patients, starting soon after the injury and
throughout the course of treatment. Rehabilitation efforts for these patients
have not been the subject of extensive research, and efforts have
traditionally focused on return of physical function. Although
rehabilitation is certainly an important area of emphasis, experience from

the LEAP Study Group has indicated that mental health also should be
given attention during a patient’s recovery.49

Figure 18

A, Intraoperative photograph of a severe
degloving injury of the distal tibia. B, Lateral radiograph best
demonstrates loss of the distal tibia. C, AP radiograph taken
after serial débridements of contaminated and subsequently
infected bone; bone transport was performed over a temporary
intramedullary nail using the Weber technique. (Courtesy of
Christopher Bibbo, DO, FACS, Marshfield, WI.)

Figure 19

A, Intraoperative photograph of a mangled upper
limb. B, Photograph of the limb after serial débridements,
fixation of radial and ulnar fractures with locking plates, and
soft-tissue coverage with an anterolateral thigh free flap.
(Courtesy of Stephen J. Kovach III, MD, Philadelphia, PA.)

The determinants of patient satisfaction identified in the LEAP study
offer areas on which to focus rehabilitation efforts and resources. Five
factors were identified and significantly associated with patient satisfaction
2 years after injury: faster walking speed, a higher physical function score
on the Sickness Impact Profile, lower pain intensity, no depression, and
return to work.49 Beyond the acute hospital setting, a skilled set of
therapists, qualified rehabilitation and long-term acute care facilities, and a
system for long-term patient follow-up are mandatory.

Summary

Regardless of the injury or the underlying disease process, decision
making for limb salvage versus amputation is complex. Other than a
patient in extremis requiring an emergent, life-saving amputation, few
clear guidelines exist. The patient’s status, including psychosocial and
premorbid functional status, along with the soft-tissue, bone, vascular, and
neurologic status of the injured or diseased limb must be considered. In
general, after appropriate counseling regarding the anticipated treatment
course and outcomes, erring on the side of limb salvage is preferred for
most patients. With this in mind, reasonable functional outcomes with
complex limb salvage using advanced surgical techniques are feasible for
most patients. Patients who require or elect to proceed with amputation
must be treated according to established guidelines and techniques.
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Abstract
Many indications exist for limb salvage surgery and amputations, including
trauma, neoplastic disease, vascular disease, and congenital limb
deformities. However, age, etiology, goals, and the challenges of each
surgical technique influence the choice of procedure to treat the individual
patient. Overall, amputations are relatively less common in children than
adults.
Major advances in medical technology over the past 30 years have
resulted in an increased number of treatment options for patients facing
potential limb loss. Various limb salvage techniques, more sophisticated
amputation techniques, and more functional prosthetic devices are now
available to the treatment team. The rational choice of procedure is
primarily influenced by patient age; other pertinent factors include etiology,
comorbidities, functional demand, healing potential, and overall life
expectancy.
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Introduction
In the past few decades, few subspecialties of orthopaedic surgery have
experienced as marked an evolution as the field of limb salvage (limb
sparing) surgery. Various conditions that in the past required amputation
can now be treated with a limb salvage procedure. Even when amputation
is necessary, current techniques frequently facilitate a more functional and
more distally amputated residual limb. Advances in imaging (MRI and
CT), microvascular surgery, external fixation techniques, nerve repair,
internal fixation, and vacuum suction dressings for complex wounds have
changed how orthopaedic surgeons approach patients who may require
amputation.
In addition, the wide availability of allograft tissue (especially bone),
the advent of commercially available biologic modifiers of bone healing
(such as bone morphogenetic proteins), and advances in the fields of
anesthesia and resuscitation have further contributed to the evolution of
limb salvage surgery. Although the treatment of malignant tumors of the
limbs has led to advances in limb salvage surgery, the relevant advanced
techniques are now widely used in any situation in which the limb is at
risk, such as trauma, infection, vascular abnormalities, and congenital limb
deficiencies in children. Even with the available salvage options,
amputation remains the procedure of choice in many instances. An
insensate, poorly perfused, and/or functionally useless reconstructed limb
is a poor alternative to a properly selected amputation and modern
prosthesis fitting.
The best procedure for a given situation depends on both objective and
subjective factors. Age and skeletal maturity in children, etiology,
anatomic involvement, comorbidities, and overall life expectancy are
objective criteria. Functional demands and expectations, as well as the
cultural and psychologic acceptance of a given procedure are subjective
criteria. The surgeon’s expertise and the availability of modern medical
technology and prosthetic and orthotic services also play an important role
in choosing a procedure. Even when amputation, either terminal or
intercalary, is required, various limb salvage techniques can result in a
more functional residual limb. This chapter discusses decision making
regarding the best approach to a given problem based on objective
principles and published outcome studies.

Differences in Pediatric and Adult Patients
The etiology of amputation differs between adult and pediatric patients
(Table 1) In adults, most amputations are performed for complications of
peripheral vascular disease, followed by trauma and tumors; burn injuries
may also necessitate amputation. The most frequent causes of amputation
in children are congenital limb deformities, tumors, trauma, and infections.
In children and adults, causes of amputations vary by region and can differ
among the socioeconomic conditions of each region.1-15
Table 1 Etiology and Frequencya of Amputations

Skeletal growth and the potential for remodeling have a substantial
effect on the final outcome of either a pediatric amputation or a limb
salvage procedure, particularly in a younger child. A 5-year-old child who
undergoes a transfemoral amputation will have an extremely short residual
limb at skeletal maturity because of the loss of the distal femoral physis,
resulting in a loss of approximately 1.2 cm per year until the end of the
growth period. Similarly, a 10-year-old child treated with a successful total
femoral endoprosthesis procedure will have a substantial limb-length
discrepancy at skeletal maturity because of the loss of both proximal and
distal femoral physes of the affected leg and the continuing growth of the
contralateral limb. Because children generally have higher functional
demands compared with adults, who are often more sedentary and
overweight, remaining growth must be accounted for when either limb
salvage surgery or amputations are planned to provide the best aesthetic
and functional outcomes.
Children may have stunted growth, painful overgrowth, and growth
disturbances such as limb shortening and/or limb deviation.1-4 Moreover,

treatment can be lengthy, with substantial psychologic consequences.1,5-16
In some instances, treatment can last several years, thus resulting in years
of potential pain, psychologic consequences, and difficulties in
accomplishing daily activities such as eating, playing, and schoolwork.1315 When neoplasms are the cause of amputations, the emotional aspect is
particularly important because of the evolution of disease and the
expectations of surgery.15

Peripheral Vascular Disease
Vascular amputations are performed almost exclusively in adult patients;
the major causes are diabetes and/or peripheral arterial disease resulting in
a painful limb, poor limb perfusion, untreatable ulcers, or gangrene (with
or without infection). The prevalence of peripheral arterial disease in the
general population ranges between 12% and 14%, affecting up to 20% of
adults older than 70 years.17,18 In this situation, the primary emphasis is
on the prevention of ischemia by medical and surgical means. After the
limb becomes nonviable, standard amputations are usually performed.
In children, vascular amputation can be secondary to congenital arterial
malformation, vasculopathy, or constriction band syndrome. Surgical
treatment of congenital birth defects (such as clubfoot or fibular or tibial
hemimelia) can be complicated by postoperative necrosis leading to
vascular amputation; however, this complication occurs infrequently. The
area of necrosis coincides with the anatomic distribution of the derivatives
of the congenitally reduced or absent vessels, and the poor tissue perfusion
to this area can contribute to the necrosis.19 Vasculopathy and arteriopathy
in children are rare, although they can be seen with higher frequency in
young patients with HIV.20 Deep constriction band syndrome can result in
neurovascular damage of variable intensities. Vessels and nerves are
compressed in the constricted regions, but caliber and microscopic
anatomy are preserved proximally and distally to the constricted area of
the limb. Surgical treatment includes Z-plasty, W-plasty, or excision of the
band with flap rotation of subcutaneous fat and closure of skin.
Amputation is performed when limb salvage or reconstruction procedures
are not possible. When they are required, amputations are mostly
transosseous.21

Traumatic Amputations
Traumatic amputations are more common in adults than children. In

children, amputations secondary to trauma represent approximately 5% of
all injuries. However, every year, approximately one-third of traumatic
amputation injuries occur in children younger than 18 years.1,2
Approximately 80% of all amputations affect the lower limb, and the
remaining 20% affect the upper limb.3,4 Most major amputations after
trauma in children involve the lower limbs, particularly the tibia. More
than 95% of other amputations secondary to trauma in children equally
affect the foot or toes and the hand or fingers.5 Hostetler et al1 reported
that most traumatic amputation injuries occur in boys younger than 2
years, involve fingers, and involve a door as the mechanism of injury.
However, such amputations are often minor and, in most cases, do not
substantively compromise upper limb function. Older children,
preadolescents, and adolescents experience a higher proportion of more
serious amputation injuries, mostly related to high-energy trauma (lawn
mower, bicycle, motorbike, and motor vehicle injuries). In a study in the
United Kingdom, Roche and Selvarajah3 reported that automobile-related
injuries are responsible for approximately two-thirds of amputations in
older children.3-5 Those percentages are substantially higher in adults.
Skeletal immaturity predisposes children to higher rates of complications
compared with adults; terminal overgrowth is often a problem and can lead
to residual limb or phantom limb pain.6,7 However, some complications,
such as secondary infections, slow wound healing, pulmonary embolism,
and venous thrombosis, are often less severe and less frequent in the
pediatric population compared with adult patients.

Malignant Tumors
Amputation has long been a mainstay of treatment of severe soft-tissue
and bone tumors. During the past two to three decades, limb salvage
surgery has become increasingly common. Currently, limb salvage
procedures are the first-line treatment (when technically feasible) of bone
and soft-tissue sarcomas, whereas amputations are performed only in
select cases.16,22,23 Limb salvage techniques provide slightly better
functional outcomes compared with amputations in most patients. Aksnes
et al16 reported that patients undergoing amputation for Ewing sarcoma or
osteosarcoma had poorer outcomes compared with patients undergoing
limb salvage surgery, including increased pain, decreased function, less
satisfactory aesthetic appearance, and poorer gait. Patients who underwent
amputations for bone and soft-tissue sarcomas experienced fewer

complications than those who underwent limb salvage procedures.
However, complications from limb salvage techniques are usually
manageable. Overall, the rate of local recurrence after amputation is
similar to that of limb salvage procedures, ranging from 5% to 10%.
Similarly, long-term survival is the same, ranging from 70% to 80% in
both patient populations.

Burn Injuries
Burn injuries are more common in adults than children. These injuries can
be classified as electrical, chemical, and thermal (for example, from fire or
frostbite).10-15
Electrical Burns
High-tension electrical burns that potentially result in amputations usually
involve adult workers or electrical installation vandals9,10 and are less
common in children. Because the human body effectively conducts
electricity, the passage of electric current through the body can produce
diverse, serious injuries to the brain, heart, muscles, and skin. Highvoltage electrical injuries often cause a combination of burns and blunt
trauma. Direct contact with electrical current can be lethal, and the extent
of lesions is related to the current voltage. Typically, burns secondary to
electricity are often much worse than they initially appear. Electrical burns
tend to affect a relatively small area of the body surface compared with
burns resulting from hot liquids or fire; however, electric burns cause a
deep, localized injury.9-12 Injuries result from both the luminous bridging
that occurs when current is shorted and the direct conduction of the current
through the patient. Fractures resulting from severe muscle contractions or
falls (also known as indirect injuries) characterize patients who have
sustained electrical burns. The mortality rate ranges from 3% to 15% and
is related to the duration of electrical contact.9,10,12,13
Chemical Burns
Amputations caused by chemical burns are uncommon. Overall,
amputations secondary to chemical burns are more frequent in adults than
children. Chemical burns can result from exposure to acid, alkaline, or
petroleum solutions. Typically, alkali burns tend to be deeper and more
serious than burns secondary to acidic products.

Thermal Injuries
Cooking-related burns are a common problem worldwide, resulting in the
most pediatric burns of any cause. Thermal burn injuries resulting in
amputations are relatively uncommon; however, the proportion of thermal
injuries that do result in amputation is particularly high in countries where
fire is located at floor level, thus endangering children who crawl or play
inside or around the home. Also, the habit of leaving young, inexperienced
children to prepare meals for themselves and siblings is responsible for
burn injuries in a high proportion of cases. In many patients, burn injuries
can be complicated by infection, resulting in amputation to reduce
associated mortality.11,13-15
Frostbite and nonfreezing cold injuries frequently affect fit, active
adults such as climbers, expedition members, skiers, mountaineers, and
agriculture workers. These injuries are rare in children, except in highlatitude countries. Frostbite and nonfreezing cold injuries can result in
amputation, but the need for amputation is correlated more directly to the
duration of cold exposure rather than the temperature. In particular,
frostbite injuries can have substantial repercussions on the distal ends of
the limbs (such as toes and fingers). The spectrum of injuries is
heterogeneous, varying from minimal tissue loss with mild long-term
sequelae to major necrosis of the distal limbs with subsequent major
amputations and resultant phantom limb pain. In children living in high
northern latitudes, cold injury to the growth plates of phalanges is
common.15

Purpura Fulminans
Purpura fulminans is an infrequent but potentially catastrophic condition
that follows meningococcal infection. In recent years, most children with
fulminant meningococcemia have survived, likely because of prompt
diagnosis and effective aggressive resuscitation. Development of an
effective vaccine has had a major effect on the incidence of this condition.
New cases of purpura fulminans are becoming rarer and are almost solely
confined to very young children. Survivors of purpura fulminans are at
increased risk for complications such as soft-tissue loss, autoamputations,
and surgical amputations because of poor tissue perfusion.24 If limb
amputation is required, residual limb complications often persist after softtissue healing. Osseous overgrowth, growth disturbances, and scar
contractures are common. Specialized, custom prosthetic fitting is often

required for this patient population.24

Limb Salvage Techniques and Amputation Options
Many types of limb salvage techniques and several types of limb
amputations can be used in the treatment of traumatic injuries, malignant
tumors, infections, purpura fulminans, and burn injuries, depending on the
nature of the disorder. Skeletal immaturity predisposes children to a higher
rate of complications as the limb continues to grow, resulting in stunted
growth, painful overgrowth, and growth disturbances such as limb
shortening and/or limb deviation. Transosseous amputations in children
are characterized by substantial appositional bone growth not usually seen
in adults. In addition, children have higher functional demands compared
with many adults who are more sedentary and have a lower incidence of
phantom
limb
symptoms,
ostensibly
because
of
greater
1,5,8
neuroplasticity.

Trauma
Severe traumatic injuries of the limbs in children can be managed with
amputations or limb salvage techniques. The choice of procedure is
influenced primarily by the severity and location of the injury, the time of
ischemia, and the presence of neurologic compromise.25-27
In the acute trauma setting, the main principles of optimizing the
functional outcome of the affected limbs should be applied, particularly in
children, whose limbs need to remain functional for decades. Preserving
limb length, major growth plates, and proximal joints as well as
minimizing transosseous amputations, when practicable, are of major
importance. Vascular repairs, nerve repairs, the use of “discarded” parts
for fashioning end-bearing residual limbs (for example, using distal
tibiofibular bone in the Ertl technique or placing the proximal fibula
upside down into the tibia in a transtibial amputation),28,29 and shortening
osteotomies (to provide soft-tissue coverage for the articular end of the
bone, which preserves the distal growth plate and prevents overgrowth) are
all options for an experienced treatment team.
An amputation can be performed either as part of primary treatment
(primary amputation) or during the initial hospital stay (secondary
amputation) when the nature of the trauma and associated complications
contraindicate limb salvage. In severe limb injuries, primary amputation is

usually necessary as part of lifesaving treatment. Primary amputation
should be performed as a damage-control procedure when hemorrhage is
uncontrollable or when critical ischemia has lasted more than 6 hours. The
main objective is to stabilize and resuscitate the patient. Primary
amputation is also indicated in an incomplete traumatic amputation with a
substantially injured distal remnant (for example, crush injuries and partial
avulsions). Ischemia exceeding 4 hours, segmental muscle loss exceeding
two compartments, and bone loss greater than one-third the bone length
are not absolute indications for primary amputation, and limb salvage
techniques can be considered. Absent or reduced plantar sensation is not
an indication for primary amputation.
In skeletally mature patients (adolescents and adults) undergoing
primary or secondary amputation, functional joint levels and as much
residual limb length as possible should be preserved. When necessary,
transtibial and transfemoral amputations are preferred to transarticular
amputations at the more proximal joint. In every case, the functional
proximal joint should be salvaged whenever possible. Energy expenditure
after a transtibial amputation is approximately 50% of that after a
transfemoral amputation. Patients with bilateral transtibial amputations
incur an additional energy cost greater than 40%, whereas those with a
bilateral amputation in which one level is transfemoral may require twice
the energy expenditure for ambulation.26,27,30 Soft-tissue coverage is
often an issue in severely injured patients. Appropriate techniques,
including skin grafts and local or free-tissue transfer, should be used for
both limb salvage procedures and amputations.31,32

Malignant Tumors
The choice between limb salvage and amputation is likely most important
in patients with malignant tumors. The surgical decision has major
implications for the patient’s survival and potential future function.
Overall, when malignant bone and soft-tissue tumors can be properly
excised and adequate resection margins obtained, limb salvage surgery is
the standard treatment as opposed to amputation in patients with sarcomas
of the limbs. The procedure must allow wide resection with clean tumor
margins unless a palliative procedure is deliberately chosen. Residual,
even microscopic, tumors will almost certainly result in local recurrence
and have an adverse effect on patient survival. The survival, longevity, and
long-term complications of the selected procedure should be carefully

weighed, particularly in young children with substantial skeletal growth
remaining.
Current protocols for neoadjuvant chemotherapy, with the surgical
procedure usually planned several weeks to months after the diagnosis and
initial staging, allows time for gathering relevant information about the
lesion using imaging, accurate diagnostic techniques, accurate staging, and
an evaluation of the response to chemotherapy. There also is time to
assemble a team of subspecialists and procure the surgical equipment and
implants needed (such as an endoprosthesis or allograft bone). If
amputation is considered, adequate time exists for family and/or
multidisciplinary discussions and better acceptance of the surgical plan
and procedural goals. The procedure chosen must ensure a viable, sensate,
and functional limb. The location of the tumor, resection margins, risk of
recurrence, potential complications, and limb function must be considered
when planning limb salvage surgeries and amputations.
Limb salvage surgery is preferred to amputation if the tumor is located
in the appendicular skeleton and adequate wide resection margins can be
achieved; the tumor recurrence risk is no greater and survival is no worse
than with amputation; potential complications do not exceed potential
benefits; the proposed limb salvage technique is long-lasting and not
associated with a high rate of complications (resulting in numerous
secondary procedures and frequent rehospitalizations); and the predicted
limb function is equal to or better than that potentially obtained with
amputation.
If the patient’s life expectancy is reduced and palliation is the primary
goal of treatment, the procedure selected should produce the least
morbidity, ensure the fastest recovery, and allow for the best pain control
and functional outcome. Usually, either endoprosthetic replacement or
amputation is selected.
Relative contraindications to limb salvage techniques are pathologic
fractures (fracture hematoma extending beyond compartment limits), an
inappropriately performed biopsy, surgical site infection, predicted limblength discrepancy greater than 8 to 10 cm, extensive soft-tissue
involvement, poor response to preoperative chemotherapy, and vascular
bypass that is unfeasible because of tumor invasion of major neurovascular
structures.27,30,33,34
Outcomes for various limb salvage surgical procedures are often
comparable. The procedure must be chosen based on a discussion with the

patient and his or her family and an assessment of the tumor characteristics
to ensure that treatment is individually tailored to each patient.

Purpura Fulminans
Planning amputation in patients with purpura fulminans involves
identification of viable tissues, use of adequate imaging techniques, and
determination of limb function and potential complications.24,31 Before
surgical amputation, it is mandatory to wait for clear demarcation between
viable and nonviable tissues. Obtaining appropriate imaging studies before
amputation, particularly technetium-Tc99m bone scanning, helps
determine clear demarcation of the necrotic tissue. Amputation should be
delayed until dry gangrene (necrosis) is clearly established and
demarcated, especially with respect to deep tissues, because this facilitates
selecting the correct level of amputation. Early amputation is not needed if
no life-threatening wet gangrene is present in the limbs.
To maintain limb function, the surgeon should preserve joints when
possible (in particular, knee, elbow, and ankle joints) and as much length
as possible to avoid short, poorly functioning residual limbs. Transosseous
amputations should be avoided whenever possible (metaphysealdiaphyseal segment resection with shortening), but preservation of the
distal epiphysis and joint surface are advocated when necessary (such as a
Syme ankle disarticulation versus a transtibial amputation).32,35,36
Complications are relatively frequent, even after amputations for this
indication. Preserved growth plates beneath areas of skin necrosis in both
residual and salvaged limbs are at risk for arrested growth.24 The treating
surgeon must be prepared to use innovative and sometimes unorthodox
techniques to address the bone and soft-tissue issues (both early and late)
in patients with purpura fulminans to achieve optimal functional results.31

Burn Injuries
Amputation is sometimes required as part of lifesaving burn care.
Conversely, early amputation is required for unsalvageable limbs.8-15
Amputations are also performed in burn injuries complicated by infection.
In the presence of extensive tissue necrosis or injuries complicated by
infection, amputation can reduce the mortality rate. The role of limb
salvage is relatively limited in this group of patients and consists almost
solely of securing soft-tissue coverage over the exposed deep tissues. Skin
grafts, fasciocutaneous flaps, and occasionally, bone-shortening

osteotomies can be of benefit. Flaps, skin grafts, and vacuum suction
dressings may need to be used for the remaining wounds.11-15
Table 2 Options for Limb Salvage Surgeries

Table 3 Amputation Types

Overall, bone overgrowth occurs in less than 10% of pediatric burnrelated amputations. The type of burn does not influence overgrowth;
lower limb amputations are more likely to result in overgrowth than upper
limb amputations.8 Moreover, burn-related amputations are often
combined with other associated injures (polytrauma) that can make care
more challenging.

Surgical Techniques
Developments in multiple areas have improved surgical techniques for
limb salvage and amputations. Although the treatment of malignant tumors
of the limbs have likely resulted in advances in limb salvage surgery, the
techniques are now widely used for any situation in which the limb is at
risk, including trauma, infection, vascular abnormalities, and in children
with congenital limb deficiencies. Even when amputation is required,
various limb salvage techniques can be used to achieve a more functional
residual limb.35-46
Categories of limb salvage procedures include local tissue flaps,
transfers, and excisions; autologous transfers; allograft transplants;
endoprostheses; composite reconstructions (combined reconstructive
modalities); intercalary resections; and bone transfers (Table 2).
Substantial bone and soft-tissue losses can be reconstructed using various
techniques; the main goals are to provide biologic reconstruction, restore
bone stock, and preserve joint kinematics to the extent possible. In

particular, the recent use of “growing” devices in children help not only to
bridge the surgical defect but also correct any eventual limb-length
discrepancy.
Amputations can be divided into three main types: transarticular,
transosseous, and intercalary (Table 3). Even with technical progress
made in limb salvage procedures, amputation is still the best choice in
many instances.

Summary
There are many indications for pediatric limb salvage surgery and
amputation, including trauma, vascular disease, tumors, infections, and
congenital limb deficiency. The principles and techniques of limb
amputation in children differ from those in adults. Continuing skeletal
growth and potential overgrowth must be considered, as well as the often
greater functional demands in children. The most common cause of
amputation in children continues to be congenital limb deficiencies,
followed by tumors, infections, purpura fulminans, and trauma. In most
instances, limb salvage surgery is an option that should be considered
before an amputation is performed. Transosseous amputations should be
avoided whenever possible.
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Chapter 6

Amputee Gait: Normal and
Abnormal
Robin M. Queen, PhD, FACSM Michael Orendurff, PhD

Abstract
Three-dimensional gait analysis is valuable for guiding clinical decisions
and in assessing treatment outcomes for users of lower limb prostheses. Gait
deviations in prosthesis users are complex and dynamic and influenced by
the level of limb loss and the prosthetic components chosen by the clinician.
A detailed understanding of the kinematic (motion) and kinetic (force)
patterns of the hip, knee, and ankle during walking in individuals who are
not amputees will aid the clinician in restoring a competent, efficient, and
adaptable gait pattern in prosthesis users that can improve functional
performance in real-world locomotive tasks.
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Introduction
Walking is a complex task that requires coordination of the entire lower
extremity. The coordination of the neuromuscular system allows
individuals to walk at various speeds, climb stairs, run, jump, and
complete many complex tasks without thinking about each movement
required for these tasks. However, if disease or injury alters this delicate
balance, the consequences can drastically change an individual’s quality of

life. This chapter explores the use of advanced gait mechanics techniques
to quantify walking mechanics in healthy individuals, as well as the
changes that occur in walking when using a prosthesis after amputation.
Although gait mechanics are complicated, they can provide valuable
information to aid in determining the appropriate clinical care for various
orthopaedic populations.

Phases of Human Gait
The walking (or gait) cycle (Figure 1) begins at foot contact and continues
until subsequent foot contact on the same side. The gait cycle is divided
into two basic phases: stance and swing. The stance phase comprises
approximately 60% of the gait cycle, and the swing phase comprises
approximately 40%. The stance phase begins when the foot first contacts
the ground and is completed when the foot leaves the ground and begins
the swing phase. During the stance phase, there are two periods of doublelimb support (both feet on the ground) and one period of single-limb
support (one foot on the ground). During the initial contact phase of gait,
one foot contacts the ground at heel strike and moves toward foot flat,
while the other foot begins toe-off and moves into the swing phase. The
swinging limb then moves toward heel strike while the stance limb moves
through midsupport and through terminal stance toward toe-off. The
amount of time an individual spends in each phase of the gait cycle
depends on walking speed; the stance phase increases and the swing phase
decreases at slower walking speeds. In addition, the presence of lower
limb pathology can alter the timing and coordination of the gait cycle. For
individuals with limb loss, this often manifests as a shorter stance phase on
the prosthetic limb, and shorter step length onto the sound limb.

Amputee Gait
Individuals with lower limb loss have specific challenges for ambulation
that depend greatly on the level of limb loss. In general, more proximal
limb loss has a more substantial effect on joint motions (kinematics) and
forces (kinetics), as well as the energy cost of ambulation. Over the past 20
years, prosthetic design has improved dramatically; however, the current
designs still cannot adequately replicate the motions and forces of the
missing native joints.1-7 Microprocessor-controlled (MPC) prosthetic
knees and ankles have created small improvements in walking kinematics

compared with standard prostheses,7-23 but the walking patterns do not
replicate the functional motions of the missing native joints.16,24 Waters et
al25 and Jeans et al26 demonstrated in adults and children, respectively,
that the metabolic cost of walking increases with limb loss that is more
proximal. The gait efficiency of an individual with limb loss can be
improved with an effective surgical approach combined with appropriate
prosthetic prescription and care. However, not every ambulation deficit
can be eliminated. Given the existing surgical techniques, prosthetic
components (hips, knees, and ankles), and limb-attachment technology
(sockets), the goal for an individual with limb loss is a functional,
competent, and flexible gait pattern that maximizes both stability and
maneuverability.

Figure 1

Illustration of the gait cycle, with the events,
periods, tasks, and temporal characteristics used to describe
human walking.

Computerized Gait Analysis
The kinematic and inverse dynamics calculations obtained from a
computerized gait analysis laboratory can precisely quantify the motion,
moments, and powers of both the prosthetic components and the intact
biologic joints of a prosthetic user during walking.27,28 These patterns are
best interpreted by an examiner experienced in gait mechanics and analysis
and with expertise in amputee gait deviations.

To accurately quantify gait, reflective markers are placed on specific
anatomic landmarks to correctly define the three-dimensional coordinate
axes for each body segment (Figure 2). Analog or digital cameras record
the movement of these markers in three-dimensional space to track
segment motion. Pelvic segment movement is usually plotted relative to
the laboratory coordinate system. Thigh segment motion is then calculated
relative to the pelvis in the sagittal, coronal, and transverse planes to
describe hip flexion-extension, abduction-adduction, and internal and
external rotation, respectively. Shank segment motion is calculated relative
to the thigh (knee flexion-extension, varus-valgus, and internal–external
rotation), and foot segment motion is calculated relative to the shank
(plantar flexion–dorsiflexion [other movement planes are usually
neglected unless a multisegment foot model29,30 is included in the marker
set]). The patterns of these joint motions are plotted across the gait cycle,
time-normalized to foot contact events. The biomechanical model chosen
can affect the results of the computerized gait analysis, and a careful
assessment of the rotation axis of prosthetic feet is essential.18,19,31-33
Prosthetic knees often have an obvious mechanical hinge and are
somewhat less susceptible to joint center calculation errors. In general,
much of the scientific evaluation and literature on applied clinical efficacy
examining prosthetic components uses computerized gait analysis to
determine the differences in component performance. Computerized threedimensional gait analysis is the standard to which all other methods of
ambulation assessment are compared. Observational gait analysis may be
clinically necessary, but it has demonstrated only moderate reliability and
accuracy.34-36

Moments are Effort; Powers are Success
Inverse dynamic calculations are used to quantify the effect of external
forces on joint motion. These calculations use the forces and moments
obtained from force platforms embedded in the laboratory walkway to
quantify the contribution of each joint to support the body and move the
body forward during gait. Joint moments represent the forces that rotate a
joint and are inverted by convention to represent the muscular effort
needed to counteract the moments applied at each joint from the ground
reaction forces (GRFs). Therefore, the convention is to present “internal”
or “muscle” moments to the reader. The moments are generally

normalized to the individual’s body weight (Newton meters per kilogram)
and are identified by the muscle group responsible for the movement, for
example, the ankle plantar flexion (+) and dorsiflexion (−); knee extension
(+) and flexion (+); hip extension (+) and flexion (−) moments in the
sagittal plane. Sagittal plane moments are often the focus in walking
studies because the moment is greatest in this plane, and most of the
motion and force for forward propulsion are generated there. Joint powers
are calculated by multiplying the angular velocity by the moment for each
instant in time at each joint and are generally normalized to body weight
(work per kilogram). Joint moments are equivalent to joint effort, and joint
powers are equivalent to successful task completion (Figure 3).

Figure 2

Photograph of an individual with a transtibial

prosthesis with typical marker placement used in computerized
gait analysis. The individual is walking over a force platform
and contacting it with the prosthetic foot.

Theoretic Models of Human Gait
For many decades, the hypotheses of Inman and Saunders37 (the six
determinants of gait) dominated the literature and the clinical approach to
understanding locomotion in those with limb loss. Although the original
study lacks data and testable hypotheses, the argument was so compelling
that these theories about gait went unchallenged for more than 50 years.
The six determinants of gait are pelvic rotation, pelvic tilt, knee flexion in
stance phase, foot mechanisms, knee mechanisms, and lateral
displacement of the pelvis.37 Most determinants have not been supported
in more recent publications,38-44 but the acceleration provided to the
center of mass by the trailing limb during active ankle plantar flexion
(push-off) is one determinant that has not been disproved by detailed
investigation.44 This concept is central to the dynamic walking theory,
which makes a convincing mechanical argument that acceleration of the
center of mass by the push-off power of the trailing limb balances the
deceleration from the collision of the lead limb at initial contact.43,45-47
This balance is hypothesized to create a center of mass motion without
abrupt trajectory alterations and will likely save mechanical and, therefore,
metabolic energy. Neither the six determinants nor the dynamic walking
model fully explains all aspects of human gait. All models are flawed;
however, some models help explain the consequences of specific treatment
and prescription choices for lower limb prosthetic users.

Ankle
The sagittal kinematics of the intact biologic ankle begin with the ankle in
a neutral to slightly plantarflexed position at initial contact and continue as
the ankle plantarflexes to approximately 10° at about 10% of the gait cycle
to achieve foot flat (Figure 3, C). The ankle begins to dorsiflex as the
body moves over the stance limb and reaches a maximum dorsiflexion
angle of approximately 10° during the later stance phase. The ankle begins
to plantarflex again during preswing and reaches approximately 20° of
plantar flexion by foot-off. After foot-off, the ankle returns to a neutral

position, where it remains during the swing phase to facilitate clearance of
the swing-phase foot. The absent biologic ankle presents some challenges
to the treating physician and the individual with limb loss. Nearly all
prosthetic feet act as dual passive springs. A heel portion is designed to
absorb, realign, and dampen the initial contact force transiently, and a
forefoot keel flexes and recoils to varying degrees as stance
progresses.7,15,18,21,22,48,49 The passive properties mean that some
aspects of the angular pattern of the biologic ankle joint can be imitated
with moderate success (Figure 3, C), but most prosthetic feet absorb as
much joint power as they generate (Figure 3, I). (A passive spring is
defined as a spring in which power absorption and power generation are
equal.) Therefore, all currently available prosthetic feet have push-off
power that is lower than the normal intact ankle during gait (Figure 3, I).
This remains a critical problem for those with limb loss because the pushoff power from the prosthetic side does not accelerate the body sufficiently
to counteract the deceleration caused by the leading native limb at foot
contact. This results in a change of momentum that is costly in both
mechanical and metabolic terms for those with limb loss. A more effective
prosthetic foot will also influence cosmesis, with the appearance of a more
normal gait pattern and a less pronounced limp.

Figure 3

Graphs illustrating sagittal plane motions;
moments; and power of the hip (A, D, and G), knee (B, E, and
H) and ankle (C, F, and I) across the gait cycle (0% to 100%)
during walking. The black solid line represents group mean
data for normal, intact individuals without limb loss. The black
dashed line represents group mean data for a passive
(hydraulic) prosthetic knee. The red dashed line represents
group mean data for a microprocessor-controlled prosthetic
knee. The black dash-dot line represents group mean data for a
passive prosthetic foot-ankle. The red dash-dot-dot line
represents group mean data for another passive prosthetic
foot-ankle. The green dotted line represents group mean data
for a powered prosthetic foot-ankle. Conceptually, moments are
effort and power is success.

The sagittal motion of the ankle has been described as consisting of
three “rocker” phases: the first rocker, from initial contact on the heel to
foot flat with ankle plantar flexion; the second rocker, with the tibia
advancing over the plantigrade foot in progressive dorsiflexion; and the
third rocker, in which the ankle plantarflexes in late stance.50,51 The
prosthetic foot-ankle system can emulate the first and second ankle rockers
quite closely, but it does not actively plantarflex as much as the intact
biologic ankle during the third rocker. No prosthetic foot plantarflexes past
neutral; the intact biologic ankle plantarflexes to 30° to 40° during the end
of the stance phase of walking. Efficient amputee gait depends on the
user’s ability to intuitively use the spring characteristics of the prosthetic
foot to mimic the push-off forces of the biologic ankle observed during the
late stance phase.
The sagittal moment profile of the foot during walking begins at near
zero or slightly negative, indicating contact with the heel and a brief
dorsiflexion moment. The moment crosses the axis and moves into a
plantar flexion moment as foot flat is achieved and the GRF vector passes
directly through the ankle joint center. For an instant during midstance, all
forces at the ankle are compressive, but as stance progresses, the sagittal
moment becomes more positive, indicating substantial effort by the plantar
flexors to restrain the shank segment and guide the ankle into controlled
dorsiflexion. This might be considered an eccentric contraction of the
triceps surae to restrain the forward progression of the tibia over the foot,
but recent ultrasound studies suggest that the fascicles of the

gastrocnemius during walking are actually isometric and that most of the
observed ankle dorsiflexion in midstance and terminal stance are the result
of tendon stretch.52 However, a weak triceps surae can result in a
calcaneal gait or a crouch gait pattern. Compensation can be attempted by
using the knee extensors. As stance progresses, enough force is eventually
generated to lift the heel and initiate plantar flexion in late stance and
preswing. For the intact ankle, small amounts of joint power are absorbed
as stance progresses, indicating an eccentric contraction of the plantar
flexors, but in late stance and preswing, a substantial power generation
peak occurs, indicating a concentric contraction by the plantar flexors to
provide push-off energy and propel the body forward into the swing phase.
The subtalar and midtarsal joints that control the coronal plane motions
of the foot relative to the ankle in the normal biologic lower limb have
never been emulated with biomimetic accuracy in prosthetic feet. Some
prosthetic feet are less stiff in the coronal plane and can passively
accommodate side slopes or leaning while turning. For some individuals,
however, these feet feel somewhat unstable in the coronal plane.
Personalized prosthetic prescriptions that consider the range of designs,
user activities, and user functional performance goals are recommended.
Some individuals (especially children with limb loss) will choose a carbon
fiber running blade as their prosthetic foot. This type of prosthesis is
inherently unstable in stance, but can bend and flex to a large degree and
provide much higher push-off power because it has no cosmetic foot cover
or cushioned shoe. Younger children especially seem to value the tradeoff, accepting instability while standing and enjoying the ability to run as
fast as their peers during outdoor play. Running-specific prosthetic feet are
not covered by the Centers for Medicare and Medicaid Services or private
health insurers, but may be an appropriate prescription for some highly
active prosthetic users, usually as a completely separate socket-pylon-foot
system that can be used for running. Infants with limb loss who lack a
knee have historically not been provided an articulating prosthetic knee
until they begin to walk. However, recent research suggests that infants
with transfemoral limb loss appear to benefit from a prosthetic knee that
can bend to accommodate crawling.53 Such a knee also appears to
improve mobility during play, as well as the achievement of the
developmental milestones of pull-to-stand and walking in infants with
limb loss.
The power generated in the sagittal plane by a prosthetic ankle

(calculated from computerized gait analysis) during late stance phase is
usually less than 50% of that of the intact biologic ankle during
walking,3,18,21,22,32,54 with no net power generation (only powered and
experimental passive spring prosthetic ankles can achieve normal power
generation). The one exception to limited push-off power is the new,
powered prosthetic ankle that can provide plantar flexion power during
walking.54,55 Powered prosthetic ankles have tremendous potential, but
currently are heavy, noisy, have limited battery life, are not reimbursed by
the Centers for Medicare and Medicaid Services or private health insurers,
and require the user to successfully use increased push-off energy.54 A
successful prototype of an MPC prosthetic foot uses the collision energy
from initial contact and recycles this into propulsion energy during late
stance.3,56,57 A few studies have shown improvements in ankle power
generation with these new MPC or powered prosthetic ankles,3,54-57 but
the metabolic costs of walking appear unchanged,3,54 suggesting that gait
efficiency remains elevated for prosthetic users irrespective of the
sophistication of the prosthetic component.

Prosthetic Foot Type and Ankle Kinematics and
Kinetics
Prosthetic components are provided based on established criteria related to
the patient’s functional level. The Medicare/Medicaid Functional
Classification Level58 (MFCL K-level) is rated on a scale from 0 to 4. The
lower functioning levels (K0, K1, and K2) receive less advanced, less
expensive prosthetic components (for example, solid ankle–cushioned heel
[SACH] feet or passive hydraulic knees). The higher functioning levels
(K3 and K4) receive technologically advanced prosthetic components (for
example, energy storage and return feet or MPC elements). The physician
establishes the individual’s K-level using observational gait analysis and
patient input. Although ambulation attributes have been formally
described,58 no reliable or valid method exists to precisely determine Klevel in a patient with limb loss. The Amputee Mobility Predictor
(AMP)59 has some published validity, but the evidence was based on
clinician ratings that have substantial errors. The 6-minute walk test60 is
highly correlated with the AMP, takes less time to administer than the
AMP, and is perhaps the most objective and least time-consuming
functional level assessment available. A version of the AMP that is used

for individuals with recent amputations (AMPnoPRO)59 can be quite
valuable in predicting successful functional level for an individual who has
never used a prosthetic limb.
The functional level of the individual with limb loss is used to
determine the type of prosthetic components that can be provided, and
these components can ultimately influence the joint kinematics and
kinetics of walking. Passive prosthetic feet with advanced carbon fiber
keels can flex and recoil substantially during late stance and preswing, but
older SACH designs have wood or polyethylene keels with foam foot
shells that compress during the late stance phase. SACH feet have a much
lower power generation peak in late stance than carbon fiber prosthetic
foot designs,21,22 and should be prescribed for those with lower functional
levels (K1 and K2). The degree of forefoot keel flexibility can be
engineered to match the weight and walking speed of the individual, but
rigorous data are still needed to inform the prescribing physician about the
appropriate forefoot stiffness of specific models of prosthetic feet. The
prescription of prosthetic feet is usually based on professional clinical
experience, without using objective data that can be matched with a
specific patient profile. A team approach with input from the user, the
prosthetist, and the prescribing physician is likely the most effective model
of care in choosing the most cost-effective and mobility-empowering
prosthetic components.

Knee Sagittal Kinematics
Normal Knee Motion
The sagittal kinematics of the intact biologic knee over the gait cycle
begins with the knee in slight flexion at initial contact, flexes to
approximately 15° (more at faster walking speeds) at approximately 25%
of the gait cycle, and extends again to almost full extension late in the
stance phase before beginning to flex again during preswing (Figure 3, B).
At foot-off, the knee is in approximately 30° of flexion, continues to
approximately 55° in midswing, and extends until reaching full extension
late in swing before initiating slight flexion just before initial ground
contact.

Transtibial Limb Loss (Retained Biologic Knee)
For those with transtibial limb loss, the preserved biologic knee typically

replicates the sagittal plane motion of the intact biologic knee during
walking, including a consistent, recognizable flexion wave during early
stance. Most transtibial prosthetic users have intact knee extensors
(quadriceps) and knee flexors (hamstrings) and normal motor function.
The choice of prosthetic foot can influence the amount of extensor or
flexor moments applied to the knee during walking, but most transtibial
prosthetic users can manage the small discrepancies in knee motion that
are induced by prosthetic feet. Most transtibial prosthetic users are able to
walk with knee kinematics on their involved side similar to that of an
intact biologic knee. If the normal functional performance of the biologic
knee is compromised in some way in those with transtibial limb loss (for
example, weakness, joint deformity, or motor nerve injury), the forefoot
stiffness of the prosthetic foot might be increased to provide greater
extensor moments in midstance, thus improving knee extension rather than
a flex and recoil pattern to provide push-off power. This compromise
between support and propulsion must be carefully considered for each
individual.
The residual limb length of any transtibial amputation should be
optimized, if possible, to make community ambulation more functional. If
the amputation results in a residual limb that is too short, control of the
prosthesis during walking will require very high pressures at the residual
limb–socket interface that will increase the risk of blisters, sores, and
ulcers. If the residual limb is too long, the choice of prosthetic feet for the
individual will be limited and require difficult design and fabrication work
by the prosthetist. Boyd amputations or Syme ankle disarticulations that
allow distal weight bearing are generally advantageous, but if they are
excessively long they can limit prosthetic foot prescription options that
provide the greatest flex and recoil during walking. Seven to 10 inches of
clearance between the end of the residual limb and the floor allow the
greatest range of possible prosthetic components to meet the prosthetic
user’s range of desired functional performance goals. These decisions
regarding the amputation site are often driven by medical or biomechanical
factors, and residual limb length optimization may not be possible for
every patient. However, the effects of residual limb length on pressure-tomoment relationships during ambulation and on prosthetic component
choices should be considered by the treating surgeon.
The choice of shoes by the prosthetic user is beyond the control of
healthcare providers, but it can radically alter the kinematics and kinetics

of the prosthetic limb and the compensatory mechanisms of the retained
biologic knee. A shoe with a higher heel will tend to incline the prosthetic
limb forward and require additional knee extensor muscle activity to
maintain appropriate knee extension. A few MPC feet currently on the
market can accommodate different heel heights and can be set by the
prosthetic user whenever he or she changes shoes.

Transfemoral Limb Loss (Absent Biologic Knee)
Individuals with transfemoral limb loss must use a prosthetic knee joint to
emulate the sagittal kinematics needed for walking. The prosthetic knees
of individuals with limb loss from transfemoral amputation or knee
disarticulation usually lack sagittal plane flexion during early stance
(Figure 3, B). The limited flexion during early stance occurs because most
prosthetic knees are unable to flex eccentrically during the early portions
of stance phase. Even users of MPC knees, which are designed to have this
knee flexion wave in early stance, do not often exhibit a normal kinematic
knee pattern.61-63 The inability to walk with a normal kinematic knee
pattern can be the result of a lack of trust in the knee by the user or an
issue with knee alignment in the sagittal plane, or it can possibly be related
to software parameters set by the prosthetist. The ability to achieve
eccentric flexion in early stance phase in prosthetic knees has not been
demonstrated convincingly.24,61,64,65
MPC knees have demonstrated a decrease in knee hyperflexion
(flexion greater than 60°) during the swing phase.61 This decrease makes
achieving full knee extension before initial contact more likely at a range
of different walking speeds, a key feature to avoid knee buckling and falls
in individuals with transfemoral limb loss. Hydraulic or mechanical
prosthetic knees usually exhibit knee hyperflexion in swing61 but can be
adjusted to increase joint dampening to normalize the sagittal kinematics
of the prosthetic knee joint during swing. However, knee flexion can only
be optimized for a specific flexion force and, therefore, a specific walking
speed; the induced pendular mechanics of the prosthetic knee at faster or
slower walking speed needs some dynamic dampening to accomplish the
correct magnitude and timing of the peak flexion at these different speeds.
For those individuals with demonstrated multiple walking speeds, an MPC
knee can offer true functional and safety advantages because of this swing
phase adaptation feature.61 Payers only reimburse an MPC knee if the
patient is at level K3 or higher, uses multiple walking speeds, and can

competently handle most community environmental barriers, such as
curbs, ramps, and stairs. Some individuals with lower functional levels
(K2) can achieve multiple walking speeds (K3) when provided with an
MPC knee.24,62 In addition, there is some evidence that individuals at the
K2 functional level can benefit from an MPC prosthetic knee that can
dampen flexion moments to maintain stability during stumble recovery
and possibly improve the safety of walking on ramps.1
The shoe choice for a transfemoral prosthesis user has a more dramatic
effect on the kinematics and kinetics of walking than shoe choice for a
transtibial prosthesis user. Shoes with increased heel height will tend to
cause the prosthetic knee to buckle and collapse in an individual with a
transfemoral amputation, increasing the risk of falls. Therefore, the range
of possible shoe choices is more limited in transfemoral prosthesis users,
although some MPC prosthetic feet permit the transfemoral amputee to
adjust the neutral position of the ankle to accommodate different heel
heights, allowing for a greater range of footwear choices. This is an
important cosmetic and social inclusion issue for formal occasions (highheeled shoes) or outdoor work activities (boots for manual labor) for
prosthesis users.

Normal Knee Kinetics
The kinetic patterns of the knee have complex waveforms during walking
but primarily provide support for the body during stance. Early stance
often has a flexion moment even though the knee is near full extension,
suggesting some stress on the posterior capsule because the knee must
resist further extension (Figure 3, E). The sagittal knee moment quickly
crosses the axis into an extension moment, and substantial quadriceps
activity is needed to maintain upright stance despite external forces that
would cause the knee to collapse.

Prosthetic Knee Kinetics
When an individual with a prosthetic knee joint walks, the initial knee
flexion moment generally locks the prosthetic knee in extension and it
remains there throughout most of the stance phase. This corresponds to the
obvious lack of knee flexion during early stance observed in the sagittal
knee motion of prosthetic knee users, even with MPC knees designed to
have knee flexion in early stance. As stance progresses, the flexion
moment increases beyond the magnitude seen in the intact native knee,

indicating substantial resistance to hyperextension by the prosthetic knee
(Figure 3, E). In late stance, both normal and prosthetic knee moments
have a brief extension moment just as knee flexion is initiated.

Hip Sagittal Kinematics
Sagittal hip motion is primarily sinusoidal during walking. Stance begins
with approximately 40° of flexion at initial contact, with the hip extending
to neutral at midstance and moving into approximately 5° to 20° of
extension during terminal stance, with greater hip extension at longer
stride lengths (faster walking speeds). The hip begins to flex before footoff and moves through neutral during midswing until the hip reaches full
flexion of approximately 40° during the late swing phase.
An individual who lacks a knee joint must use the femoral residual
limb to apply pressure to the interior of the prosthetic socket to
simultaneously achieve the sinusoidal hip motion during gait and control
the prosthetic knee joint. Because the hamstrings no longer function as hip
extensors for most transfemoral amputees, the gluteal muscles must
provide the hip extensor forces during the first half of stance and the
iliopsoas must provide the hip flexor forces during late stance and swing.
Sagittal hip motion in individuals with transfemoral limb loss is often
shifted toward flexion and has a somewhat reduced arc of sagittal motion,
primarily because of a lack of full extension in late stance (Figure 3, A).
The lack of push-off power from the prosthetic foot in late stance results in
lower energy transferred to the limb to initiate swing in the transfemoral
prosthesis user. Greatly increased hip flexor muscle activity can improve
the range of motion of the hip in individuals with transfemoral limb loss,
but generally the increased pressures in the distal anterior region of the
residual limb–socket interface are uncomfortable or perhaps injurious to
the tissue over time. The three basic mechanisms to advance the limb into
swing during walking are ankle push-off energy transferred to the tibial
and femoral segments (distal to proximal strategy), hip flexor muscle
activity to accelerate the thigh into flexion and initiate swing (proximal to
distal strategy), and deceleration of the pelvis and trunk segments to
transfer momentum to the training limb on contact with the lead limb
(proximal to distal strategy). Individuals without lower limb loss can
manage all three methods with some form of energy and control
optimization,66 but the range of step-to-step variance and acceptable

solutions to the balance between the forces that initiate swing is not
completely understood. Of all the tasks in human gait, swing initiation is
likely less important than managing the step-to-step transitions during
double support without wasting mechanical energy and therefore
increasing metabolic cost.46
An individual with a hip disarticulation uses pelvic tilt in the sagittal
plane to facilitate the motion of the missing thigh segment during
ambulation and must learn a complex set of trunk maneuvers to maintain
forward progress during walking. As a consequence, low back pain is a
frequent symptom in individuals with more proximal limb loss.67-71
Individuals with a short femoral residual limb segment produce hip and
pelvic motions during walking that are similar to those of individuals with
a hip disarticulation; this makes successful community ambulation more
difficult. Every surgical and medical effort should be made to maintain an
adequate femoral residual limb segment after limb loss. Without adequate
length, the pressures placed on the tissues of the residual limb are too high
to be tolerated during longer periods of walking. The hip extensors and
flexors are at an extreme mechanical disadvantage if the femoral residual
limb is too short. Many individuals with hip disarticulation or a short
femoral residual limb will need alternative mobility solutions, such as a
scooter, wheelchair, or Lofstrand crutches for some portion of their daily
activities; this is especially true as an individual ages.

Hip Sagittal Kinetics
Hip kinetics in individuals with limb loss at the knee and higher levels
reflect the increased effort of the hip in moving the prosthetic knee and
ankle joints. The early stance hip extension moments (gluteal muscle
activation) in the intact hip joint are similar to those in individuals with
transfemoral limb loss. As stance progresses, individuals with more
proximal limb loss must apply greater hip flexion moments (iliopsoas
muscle activation) to initiate swing phase knee flexion and limb
advancement because they lack the ankle push-off power that can transfer
energy to the swing limb.72 The action can be taxing, with peak sagittal
power at the hip more than double that of normal, intact gait. This can
contribute to increased pressure at the residual limb–socket interface near
the distal anterior region, a location of frequent skin irritation for some
transfemoral amputees. Compensatory actions to advance the prosthetic
limb into swing are often observed visually, including “hip-hiking,” or

Trendelenburg gait with circumduction. (Trendelenburg gait or lateral
trunk lean over the stance limb is more often related to reducing coronal
moments about the hip and medial-distal and proximal-lateral socket
pressure discomfort in individuals with transfemoral limb loss.)

Ground Reaction Forces
During the stance phase of gait, an interaction between the individual and
the ground results in force being applied to the distal foot (Figure 4). The
reaction force measured during computerized gait analysis is the GRF. The
GRF has three components that aid in forward motion during walking:
anterior-posterior, medial-lateral, and vertical. The largest force during
walking is the vertical GRF. The vertical GRF is a bimodal curve with
each peak reaching approximately 120% of body mass in healthy walking.
The first peak in the vertical ground reaction curve measures the weight
acceptance of the limb, and the second peak measures the propulsive force
needed to move the body forward. Any disturbance in the timing or
magnitude of these GRF peaks indicates a kinematic deviation from
normal walking patterns.
Individuals with limb loss generally have similar GRF patterns, but
close examination reveals typical deviations. The late stance vertical GRF
peak is often lower in amputees than individuals without limb loss, due in
part to the lack of active push-off power from almost all prosthetic feet.
Typically, slower walking speeds result in a less-pronounced bimodal
pattern for the vertical GRF in individuals with limb loss. Wider foot
placement also results in somewhat greater medial-lateral force pattern, but
the magnitude remains relatively low.

Activities of Daily Living and Mobility
Data from computerized gait analyses specifically focus on walking
straight ahead and can help in understanding a prosthesis user’s
ambulation challenges while walking straight ahead. Sagittal plane joint
motions and forces provide most of the motion and allow an individual to
walk in a straight line. However, observations of community ambulation
and function suggest that most functional human locomotion involves a
few steps in a row before stopping or turning.73,74 Much of the mobility
required for daily living involves rising from a seated posture, initiating
gait, accelerating, turning, decelerating, terminating gait, climbing stairs,

maneuvering over and around obstacles, and returning to a standing or
seated posture. This is likely a function of western urban architecture, but
4 ± 1 steps is the most common walking bout (number of steps before
stopping), accounting for approximately 15% of all bouts for a wide range
of individuals with differing activity levels.75

Figure 4

Line graph illustrating vertical ground reaction force
during walking plotted across the gait cycle (0%–100%) for a
normal, intact individual without lower limb loss (black solid line)
and a prosthetic device user with a transtibial amputation (red
dash-dot-dot line). Note the reduced peak vertical force in the
prosthetic device user’s data during late stance, suggesting
flexing of the forefoot keel of the prosthetic foot.

Both sedentary and active individuals show a substantial bias toward
short walking bouts; 40% of all walking bouts consist of 12 ± 1 steps or
fewer in a row, and 75% of all walking bouts consist of 40 ± 1 steps or
fewer in a row.75 In addition, short periods without ambulation occur
frequently throughout the day. Long-duration walking behavior for
exercise or long-distance transportation does not occur often, even for
individuals who exercise regularly. These long-duration exercise bouts
may occur only once per day but for some individuals can include 8% to
20% of the total daily steps.75 Because of the typical challenges for

everyday activities, stability and maneuverability of the individual with
limb loss to walk short distances with competence appears more crucial
than energy efficiency and gait economy, although the latter is still
important. For children with limb loss, the ability to initiate running
suddenly to keep up with friends appears more crucial than stability. Given
the choice, many children opt for a running limb as their primary
prosthesis, even if it results in more falls and makes standing still more
difficult. Because most development in children is play-based, enabling
high-energy movements seems an important goal in prescribing prosthetic
components.

Summary
Computerized gait analysis can provide comprehensive information on the
joint motions and forces during walking for individuals with limb loss, but
additional ambulatory challenges exist within the community for
prosthesis users. A comprehensive evaluation of mobility is recommended
to maximize functional status in prosthesis users with lower limb loss.
When determining the effect of a prosthesis on gait mechanics, it is
important to examine the effect across the entire lower limb. The effect of
a prosthesis is not isolated to a single joint; therefore, these alterations
need to be considered when determining the optimal treatment plan for
each patient. Computerized three-dimensional gait analysis can document
the compensatory kinematics and kinetics in individuals with lower limb
loss, and it can inform clinical decision making when prescribing
prosthetic components and evaluating the outcomes of surgical
interventions. Computerized gait analysis is also the primary method used
in scientific research into the comparative effectiveness of prosthetic
component treatment choices. Understanding this literature can improve an
orthopaedic surgeon’s ability to provide clinical care for individuals with
limb loss and can be essential in helping the surgeon understand the
scientific basis for the development of novel prosthetic components.
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Clinical Considerations of
Observational Gait Analysis
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Abstract
It is helpful to understand the clinical concepts related to the alignment of
lower limb prostheses and observational gait assessment along with
principles related to the orientation of prosthetic components and the
resulting gait patterns. To achieve acceptable alignment and minimize gait
deviations in patients with transtibial and transfemoral amputations, the
prosthetist can adopt a methodic approach to dynamic alignment that may
include structured assessment tools and incorporate video assessment.
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Introduction
The overall goal of rehabilitation after lower limb amputation is to support
a level of function commensurate with the individual’s functional
capabilities before amputation. In terms of walking ability, the goal is to
match as closely as possible the patient’s pre-amputation kinetic and
kinematic gait parameters. However, even after successful rehabilitation,
practitioners should expect that structural asymmetries caused by the
amputation will result in kinetic and kinematic asymmetries.1,2 Gait
deviations are observed and addressed by applying established clinical

principles and professional judgment to arrive at the most appropriate gait
pattern for each individual. A study guide is included at the end of this
chapter to identify common gait deviations and causes.

Consequences of Gait Deviations
Prosthetic gait that deviates from normal parameters has detrimental
physical and functional effects, including inappropriate distribution of
forces on the residual limb, increased loading of the contralateral limb, and
increased energy expenditure.3-5 The long-term altered biomechanics
observed in the gait of prosthesis users can contribute to the development
of orthopaedic problems, including osteoarthritis.6,7 Gait deviations should
be normalized as much as possible to minimize these deleterious effects.

Observational Gait Analysis
Because practitioners in most clinical settings do not have access to threedimensional instrumented gait analysis, they rely on unassisted
observation as the primary method for identifying pathologic gait patterns.
Several limitations are inherent in observational assessment. First, many
factors that influence a user’s gait are not directly observable. For
example, the pressure of the residual limb against the socket and the
corresponding joint moments caused by those pressures can only be
observed using equipment and methods not available in most clinical
settings. Second, observational gait assessment has been demonstrated to
have limited validity and reliability for gait-related events in
neuromuscular and musculoskeletal pathologies.8,9 Studies focused
specifically on patients with lower limb prostheses have confirmed this
limitation.10,11 However, as the prosthetic practitioner is currently limited
by available resources and techniques to achieve an optimally fitting and
functioning prosthesis, observational gait assessment remains the primary
strategy used by clinicians when assessing the gait of prosthesis users at
the initial fitting and subsequent appointments.

Prosthetic Alignment
Prosthetic components are assembled in a particular spatial relationship to
each other, commonly referred to as the alignment of the prosthesis. The
alignment process typically involves three distinct stages. During bench

alignment, components are assembled and attached to the socket based on
traditional protocols, the manufacturers’ recommendations, and the clinical
judgment of the prosthetist. During the static alignment stage, adjustments
are performed during weight bearing without ambulation, with a focus on
socket fit and gross alignment. Dynamic alignment involves observation of
the ambulating patient and optimization of the spatial relationship of the
components.
One of the key elements of dynamic alignment involves using
observational assessment and user feedback to detect and reduce common
patterns of pathologic gait (deviations) that indicate the need to change the
spatial orientation of the components in established ways. Research has
demonstrated that, although prosthesis users are able to accurately sense
and report changes in prosthetic function resulting from changes in
alignment, these reports are less accurate for angular alignment changes of
less than 6° and translational alignment changes of less than 20 mm of
translation.12,13

Goal of Dynamic Alignment
Although different goals for prosthetic alignment have been suggested, no
single optimal alignment has been objectively measured or described.14
Rather, studies have demonstrated that a range of alignments are
acceptable to both patients and prosthetists.14-16 Although the reduction of
asymmetries is a legitimate goal, not all parameters of gait reach the same
level of symmetry when a prosthesis is optimally aligned for a particular
patient.17 In addition, a direct relationship between kinetic and kinematic
changes should not be assumed.2 There is evidence that patients consider
overall function more important than the presence or degree of gait
deviation, so prosthetists must use clinical judgment in determining which
deviations should be minimized to ensure optimal long-term health and
function.18

Factors Affecting Gait Patterns
Each component of a prosthesis can contribute directly or indirectly to the
gait pattern of the patient. The prosthetist is responsible for ensuring that
the fit of the prosthetic socket and the associated suspension mechanism
are optimal and support the functional level of the patient. In addition, the

functional characteristics of the foot, ankle, and knee components can
substantially affect the patient’s gait pattern and must be considered.
Factors as seemingly benign as the height and density of a shoe’s heel can
affect the orientation of the foot in the sagittal plane, alter the location of
ground reaction forces, and affect proximal joint moments. All relevant
factors should be carefully considered during the evaluation, fitting, and
alignment processes.
Because many patients receive their first prosthesis after a period of
prolonged debilitation, it is especially important for the rehabilitation team
to assess how strength, range of motion, and other health factors may
contribute to a poor gait pattern during the early phases of prosthetic
ambulation. Such deviations are best addressed through rehabilitation and
training rather than adjustments to the prosthesis. As such, these patient
factors are best assessed and addressed in collaboration with a physical
therapist.

Performing Dynamic Alignment
After the appropriateness of the overall fit and function of the prosthesis
has been confirmed, the prosthetist can refine the alignment during
multiple walking trials. For maximum safety, initial ambulation should
occur with the patient supported by parallel bars. Ambulation should then
proceed within the clinical environment, using the appropriate assistive
devices when needed. Although initial walking trials should be performed
on level terrain, they can ultimately include common environmental
barriers and terrains, provided that the patient’s safety and comfort is
ensured.
During ambulation, ground reaction forces act on the prosthetic foot
creating multiplanar rotational moments between the prosthesis and the
residual limb. Different orientations of prosthetic components in relation to
each other change the magnitude and direction of these rotational forces,
causing different joint and socket reaction moments.19 Such alignment
variations can cause observable kinematic changes, gait deviations, and
gait improvements.20,21 Because these moments affect prosthetic gait in
predictable ways, certain gait deviations are commonly observed as a
consequence of specific malalignments.22 Identification of these
deviations can guide the prosthetist in adjusting the alignment to reduce
inappropriate moments and optimize the gait pattern. Gross malalignments

in each plane should be reduced when they are observed. Because sagittal
plane malalignments can substantially affect coronal plane moments, it is
advisable to finalize the sagittal plane alignment first, followed by the
coronal plane alignment.23
The spatial orientation of components in a prosthesis is commonly
described according to angular and linear relationships. Angular
relationships in the sagittal plane involve socket flexion, foot dorsiflexion,
socket extension, and foot plantar flexion. In the coronal plane, the angular
relationship involves socket abduction, foot eversion, socket adduction,
and foot inversion. Linear relationships include anterior and posterior
translation of the components in the sagittal plane and medial and lateral
translation in the coronal plane. Transverse plane orientation involves
internal or external rotation from the line of progression (Table 1).

Transtibial Gait Deviations
Although less apparent than deviations observed with transfemoral
prostheses, there are several gait deviations commonly associated with the
use of transtibial prostheses. These include step length asymmetries,
aberrant stance flexion of the knee during loading response, frontal plane
knee instability, lateral trunk bending in midstance, premature heel rise,
abrupt loading of the sound side, sound-side vaulting, and visible pistoning
within the prosthesis.

Step Length Asymmetries
Best observed in the sagittal plane, step length asymmetries can present as
shortened steps on either the affected or the contralateral side. A short step
on the contralateral side is more common and often results from the
patient’s lack of confidence in his or her prosthesis and an associated
reluctance to shift and maintain full body weight onto the prosthetic limb.
This is particularly common among patients with limited prosthetic
experience. As such, improvement may be seen with time, training, and
improved confidence in the prosthesis. Less frequently, a shortened
prosthetic step length may be observed. This is often the result of a flexion
contracture of the knee that prevents full extension in terminal swing and
ultimately shortens the prosthetic step length.
Table 1 Spatial Relationships of Prosthetic Components

Aberrant Stance Flexion
During loading response, a controlled flexion of 10° to 15° is desired at the
knee. Several variables may unfavorably accelerate this flexion event.
Excessive dorsiflexion of the foot, excessive socket flexion, an excessively
posterior placement of the foot underneath the socket, and an excessively
stiff prosthetic heel mechanism can all produce this destabilizing moment.
A similar effect is seen when an individual changes the shoe of the
prosthesis to one with a higher heel, which places the socket in a more
flexed position and effectively increases the dorsiflexion angle between
the plantar surface of shoe and the patient’s knee. This deviation may also
be seen in patients who do not eccentrically contract their knee extensors
during loading response, either because of quadriceps weakness or because
of the resultant discomfort created in the socket. As such, this deviation
may be seen more frequently in individuals with shorter residual limb
lengths who are more prone to anterior distal tibial pressures in the socket.
Although less frequently observed, knee kinematics in loading
response also can be characterized as reduced or absent stance flexion or,
in extreme cases, even as hyperextension. Excessive extension of the
socket, an excessively anterior foot placement beneath the socket,
excessive plantar flexion, or an excessively stiff prosthetic keel are all
prosthetic factors that can precipitate this deviation. Alternatively, this
type of loading response may also be the product of a voluntary
compensation for weak quadriceps by patients who fear inadvertent
buckling of the knee and forcibly maintain knee extension.

Frontal Knee Instability
A modest varus moment at the knee during midstance is generally
acceptable. Deviations from this pattern usually result from faulty
prosthetic alignment. However, excessive varus or valgus moment also can
be caused by an excessive medial/lateral dimension of the socket, so

special attention should be given to socket fit if this deviation is observed.
A valgus moment will likely result from a relatively outset position of the
prosthetic foot beneath the socket. Similarly, an excessive varus moment
may result from a prosthetic foot that has been excessively inset. Changes
in step width also can precipitate these events. For example, a novice
walker who progressively narrows his or her step width may begin to
experience increasing varus moments. In contrast, a cautious walker who
chooses to widen his or her step width when not using an assistive device
(such as a walker) may experience a valgus moment at the knee.

Lateral Trunk Bending
Although more commonly associated with the use of transfemoral
prostheses, a lateral trunk bend will occasionally be seen in patients using
a transtibial prosthesis during single-limb stance on the prosthetic limb.
This typically occurs when a patient is not fully loading his or her
prosthesis, either because of socket discomfort or inadequate training or
experience. It may also result from compensation for weak ipsilateral hip
abductors. If the underlying causes of this deviation are not addressed
early in prosthetic gait training, a fixed habit may be established.

Premature Heel Rise
Premature heel rise can be thought of as the result of a prosthetic toe lever
that is too stiff to allow the forward progression over the foot during
single-limb support. Often, it is coupled with patient reports of increased
perceived exertion during ambulation. It may result from a foot that is too
stiff, too plantarflexed, or positioned too far anteriorly beneath the socket.

Abrupt Loading of the Sound Limb
In contrast to premature heel rise, an inadequate prosthetic toe level allows
the patient to “drop-off” abruptly onto the sound limb. This may be
observed if the toe of the prosthesis is too flexible or if the foot is either
too dorsiflexed or positioned too far posteriorly beneath the socket. It has
been suggested that the resultant abrupt loading experienced by the sound
limb may lead to the premature development of osteoarthritis of the knee
and hip. Published evidence has consistently supported the position that,
for active prosthesis users, the stiffer, dynamic resistances associated with
energy storage and release in prosthetic feet reduce the “drop-off”
experienced at the end of single-limb support on the prosthesis, with an

associated reduction on the loading rate of the sound-side limb.24,25

Sound-Side Vaulting
If a patient is concerned that the toe of his or her prosthesis may not clear
the ground, a “vaulting strategy” may be adopted in which a sudden
concentric contraction of the contralateral side plantar flexors briefly
lengthens the contralateral limb to allow more space for clearance of the
prosthesis. This strategy is seen among both transtibial and transfemoral
prosthesis users, and it may initially be a product of inexperience and a
lack of confidence. For more established users, it may persist as an
individual walking preference. However, any deviations of the prosthesis
that functionally increase its length also should be considered and
addressed at the time of observation. These commonly include a prosthetic
foot aligned in too much plantar flexion or inadequate suspension,
allowing the prosthesis to piston and functionally lengthen during the
swing phase.

Excessive Pistoning
The term pistoning is commonly used to describe any vertical movement
of the residual limb within the socket. This can be observed during early
swing when the residual limb pulls out of the socket or during weight
acceptance as the limb reseats into the proper position within the socket. A
modest amount of pistoning is to be expected with certain suspension
strategies, including both cuff strap and anatomically contoured socket
suspension systems. In other systems, visible pistoning is atypical and
warrants further investigation. For example, excessive pistoning with the
use of suction suspension or locking liners may indicate a torn sleeve or a
mechanical failure in the clutch lock mechanism, respectively. In addition,
pistoning may be observed if the residual limb has lost volume and no
longer matches the socket volume of the prosthesis.

Transfemoral Gait Deviations
The gait deviations observed with the use of transfemoral prostheses are
both more common and more noticeable than those associated with
transtibial prostheses. Although the relatively bony nature of the transtibial
limb generally facilitates reasonable control of the prosthesis, the
redundant soft tissues of the transfemoral limb often present a challenge in

achieving consistent prosthetic control. In addition, the shortened anatomic
lever arm of the more proximal residual limb, the increased lever arm of
the longer prosthesis, and compromised muscular control of the residual
limb at the transfemoral amputation level further reduce a patient’s ability
to control his or her gait pattern while wearing a transfemoral prosthesis.
This is evident in the coronal instabilities commonly observed at this
amputation level, as well as in the challenges in maintaining sagittal knee
stability during standing and ambulation.

Step Length Asymmetry
One of the more commonly observed gait deviations at the transfemoral
amputation level is step length asymmetry, which is characterized by a
long prosthetic step and a shortened step on the contralateral side. As
patients transition from loading response into mid and terminal stance on
their prostheses, sagittal knee stability becomes a greater concern. In
response, prosthesis users are often reluctant to shift and maintain their
weight fully on their prostheses and allow their body weight to transfer
from the heel to the toe of the prosthetic foot. Rather, a common
compensatory action is a shortened sound-side step, allowing patients to
off-load the prosthesis prematurely. In contrast, confidence in their sound
limb allows them to take a much longer step with their prosthetic limb.
This collective deviation of a long prosthetic step coupled with a shortened
sound-side step is especially common in newer amputees and can become
established if not identified and corrected early in gait training. In addition,
hip flexion contractures, which are commonly present at this amputation
level, preclude the hip on the affected side from attaining sufficient
extension to allow a full length sound-side step. Thus, gait training and
flexibility are key considerations when managing step length asymmetry at
this amputation level.

Stance Phase Knee Instability
For a patient with a transfemoral amputation, voluntary control of the knee
angle is attained through activation of the hip extensors. Knee stability can
be enhanced by alignment considerations and the choice of prosthetic knee
mechanisms, either through mechanical design or microprocessor
regulation. Knee instability may be the product of a foot set in excessive
dorsiflexion, a prosthetic heel that is too stiff, or a knee joint positioned
too far anteriorly beneath the socket. Corrective actions may include

plantar flexion of the foot, a softer prosthetic heel, or a more stable
alignment in which the knee joint is moved posteriorly beneath the socket.
Such alignment strategies may be especially helpful in patients with
weaker hip extensors or shorter limb lengths who are otherwise challenged
in the voluntary control of their knee stability.

Foot Rotation
Rotational control of the transfemoral prosthesis is often complicated by
the fleshy nature of the residual limb and the comparative lack of
underlying bony anatomy. Axial rotation of the prosthesis on the limb can
occur and is generally observed through the rotational alignment of the
foot. This can result from an ill-fitting socket that is either too tight or too
loose. External rotation may occur if the heel of the foot or the shoe is too
stiff or the foot is set in excessive dorsiflexion. The proximally invasive
contours of many transfemoral sockets are such that many users will rotate
their sockets to improve prosthesis comfort. Accordingly, rotational
alignment should begin proximally at the level of the socket, with
subsequent orientation of the knee and foot positions. Chronic rotational
problems, or transverse alignment that alternates between internal and
external rotation, may also be indicative of poor hip control, and may
require strengthening and gait retraining.

Lateral Trunk Bending
Lateral trunk bending is another commonly observed deviation at the
transfemoral level. In able-bodied ambulation, coronal stability during
midstance is attained as the abductors of the stance limb stabilize the
pelvis, preventing it from dropping and ultimately assisting swing phase
clearance. This mechanism is compromised in users of transfemoral
prostheses because the amputation often severs the distal attachment of the
abductor musculature. As a consequence, the weakened hip musculature
and shortened femur are unable to obtain adequate stabilization against the
lateral wall of the prosthetic socket to control the drop of the pelvis.
Lacking this ability, patients frequently compensate by actively bending
their trunk laterally over the prosthesis during stance. This action serves to
elevate the contralateral pelvis, facilitating swing phase clearance. It also
positions the center of mass closer to the prosthetic foot, reducing the
loads experienced in the distal lateral region of the prosthetic socket.
Assuming a well-fitting socket in which loads are born down the

lateral shaft of the femur rather than its distal edge, with proper training
many transfemoral prostheses users can learn to shift their weight at their
hips rather than at their trunk to restore a more balanced gait. However, for
individuals with shorter residual limbs or weak hip abductors, some degree
of lateral trunk bending may be inevitable.

Excessive Heel Rise
The swing phase heel rise (swing phase knee flexion) observed in the
prosthesis should generally match that observed in the contralateral limb.
Heel rise generally increases at faster gait speeds. Hydraulic knee
cylinders represent a well-established means of regulating the amount of
heel rise because greater speeds will create greater hydraulic resistance to
knee flexion. If available, changes to hydraulic swing resistance can be
used to match the heel rise of the prosthesis to that of the sound limb.
An alternative strategy is seen in friction-based knee systems. In these
knee designs, the amount of heel rise observed in the prosthesis can be
modestly adjusted by increasing or decreasing the friction settings about
the knee joint. However, these friction settings will not adapt to changes in
velocity; therefore, increased walking speeds yield a greater amount of
heel rise. These types of knees are generally reserved for single-speed
walkers because the friction resistance can be set to the patient’s selfselected walking speed.

Excessive Terminal Impact
Frequently, patients prefer to experience a “terminal impact” at the end of
swing in which the prosthesis reaches full extension before the acceptance
of bodyweight. This impact, although unsightly and inconsistent with the
behavior of the contralateral knee, provides the users with a sense of
certainty that the prosthesis is in a stable position beneath them. The
amount of impact preferred will vary from patient to patient depending on
walking experience and confidence in the prosthesis. Just as mechanisms
exist to modulate the amount of knee flexion observed in early swing,
similar mechanical and hydraulic mechanisms exist to control the rate and
amount of knee extension observed in late swing. Inadequate swing phase
resistance or excessive extension assist can cause excessive terminal
impact. Precise adjustments are often required to balance control of knee
flexion in early swing with knee extension in late swing.

Whips
Ideally, the prosthetic knee joint should track within the line of progression
as it flexes and extends through the swing phase. Deviations to this ideal
are common and are described as whips. A prosthetic knee joint that is set
in excessive internal rotation creates a lateral whip in which the rising heel
deviates laterally at the beginning of swing. In contrast, a knee joint set in
excessive external rotation creates a medial whip in which the rising heel
deviates medially. Visible whips are often the product of poor prosthetic
alignment. Alternatively, a prosthesis donned in relative internal or
external rotation will also create a visible whip. This situation can occur in
a newer prosthesis user who is still learning how to properly don his or her
device, or as an intentional effort by the user to increase the comfort of the
prosthesis by changing the orientation of the brim. As previously
described, rotational instabilities are a common problem for transfemoral
prostheses users because of the fleshy nature of the limbs and the lack of
supporting bony structures within the socket. As with foot rotation, whips
also can be the product of a poorly fitting socket.

Circumduction
The term circumduction is used to describe a pattern of hip motion in
which flexion is coupled with abduction to attain swing phase clearance.
There are several causes that can precipitate this compensation. A patient
who lacks confidence in the stability of his or her prosthetic knee, whether
because of inexperience or unstable alignment, may prefer a gait that
utilizes hip circumduction because less flexion of the prosthetic knee is
required. Alternatively, if the prosthesis is too long, hip circumduction
may aid in attaining swing phase clearance. Less frequently, certain knee
settings may be at fault, including excessive hydraulic resistance to swing
flexion, excessive constant friction settings, or an excessive extension
assist mechanism. As with many other transfemoral gait deviations,
circumduction should be identified and addressed early in the
rehabilitation process because it often can become an established
compensation strategy.

Vaulting
Much like circumduction, vaulting represents an alternative strategy used
to ensure swing phase clearance. As was previously described in the
transtibial section, any prosthetic deviation that lengthens the prosthesis

(excessive plantar flexion, prosthetic build height, or poor suspension) can
create a scenario where vaulting on the contralateral side is needed to
attain swing phase clearance. The deviation is common at the transfemoral
level because prostheses users lack voluntary control of knee flexion to
ensure adequate clearance. Because vaulting and circumduction are
complimentary compensations, they often share underlying causes.

Instrumented Components
Components that are instrumented to record socket reaction moments can
assist practitioners in making alignment decisions, and good agreement has
been found between alignment using an instrumented component and
traditional methods.26 Because of the similarity with alignments achieved
using conventional methods, the instrumented component may be most
appropriate for challenging cases or when alignment is performed by less
experienced prosthetists.

Video Assessment
Advances in hardware and software have resulted in high-definition video
recording technology that is readily accessible to most clinicians. Use of
high quality video (with adequate lighting and correct camera placement)
has been shown to improve reliability of observational gait assessment.27
A software program with analysis tools has been shown to increase
interrater reliability when assessing patients with neuromuscular disorders,
and a similar benefit may exist when assessing the gait of prosthesis
users.28 Unassisted observational gait assessment and assessment
enhanced by the use of a software program has been shown to allow
reliable determination of initial contact and foot-off during prosthetic gait,
indicating that both techniques are useful for assessing temporal and
spatial parameters.29

Prosthetic Observational Gait Score
The Prosthetic Observational Gait Score (a modification of the Edinburgh
Gait Score) was developed to aid prosthetists during observational gait
assessment. As with most gait scores, the intraobserver reliability of the
Prosthetic Observational Gait Score is greater than the interobserver

reliability30 (Figure 1).

Summary
The gait deviations commonly observed with transradial and transfemoral
prostheses often have a number of potential causes. Assessment and
optimization of the gait of patients with lower limb prostheses is a
qualitative clinical task, requiring close collaboration between the patient,
prosthetist, and other members of the rehabilitation team. Adopting a
methodic approach to dynamic alignment, using a structured assessment
tool, and incorporating video assessment can aid prosthetists in achieving
an acceptable alignment that minimizes gait deviations and supports the
activity level of the patient.

Figure 1

Chart for determining the Prosthetic Observational
Gait Score. (Reproduced with permission from Hillman SJ,
Donald SC, Herman J, et al: Repeatability of a new
observational gait score for unilateral lower limb amputees. Gait

Posture 2010;32[1]:39-45.)
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Chapter 8

Kinesiology of the Upper
Limb
Michael S. Pinzur, MD

Abstract
From an evolutionary perspective, the ability of humans to stand on their
hind limbs freed the upper limbs from the task of weight bearing. This allows
the upper limbs to function as both organs of prehension and as sensory
probes for interacting with the environment. Many activities that are
perceived as simple hand functions are only possible through the integration
of the entire body with the upper limb and hand. The analysis of body motion
in terms of mechanical forces is the domain of kinesiology, which considers
motion as it occurs under living conditions. Motion is studied as activities
are performed against extrinsic forces, such as gravity, or against the
resistance of objects that are grasped, pushed, or thrown by the upper limb.
It is helpful to understand the major patterns of upper limb activity and the
details of the mechanical and nonmechanical factors fundamental to
functional task performance, including the roles of sensory function, muscle
strength, and skeletal integrity.
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Introduction
The functional capacity of the upper limb is determined by the shoulder
complex, elbow, wrist, and hand developing multiple integrated spheres of
action. In normally proportioned limb segments, this capacity is limited in
relation to the surrounding space. For example, in the standing position,
the upper limb field of motion reaches the midthigh region. Any more
distal point on the lower limb or on the ground is reached through mobility
provided by the hip, knee, ankle, and trunk (Figure 1). More distant points
in space come within the reach of the upper limb action when functionally
integrated with gait.
A maximum arcuate field or envelope of action termed E1 (Figure 2)
is traced by the most distal point of the upper limb through the motion of
the shoulder complex, with all other joints being held in extension. Within
this envelope, the elbow, wrist, and fingers have their own fields of
motion, E2, E3, and E4, respectively. These contained capabilities enrich
the functional performance of the upper limb.

Stability of the Spine and Trunk
Stability of spine and trunk is essential before the hand can be placed
within the envelope of action/function. Paralyzed patients without spinal
and trunk stability must hook one upper limb about the back or the side of
their chair if they lean forward to hold an object. The need to use an arm to
maintain stability not only decreases the size of the envelope of action but
prevents the individual from using both upper limbs for performing
functional tasks.

Figure 1

Schematic drawing showing that the field of motion
of the upper limb is a circle, with the length of the limb the
radius. Any point more distant in space or distal to the midthigh
is reached through associated hip, knee, ankle, and trunk
motion.

Shoulder Complex
Motion in the Coronal (Frontal) Plane
When the arm and forearm are held in the neutral position, the upper limb
sweeps a circular surface in the coronal plane. The very distal point of the
limb traces an envelope of action E1 (Figure 3). The shoulder is in neutral
rotation in position 1, and the limb can be elevated in the outer half of the
circle to positions 2 and 3. The elbow does not contribute to functional
exploration in this segment of the arc of motion. If the wrist is initially
held in neutral rotation, the hand sweeps the space E3, and the fingers
explore the interior of this space through E4. Beyond position 3, the
shoulder rotates externally and complete elevation is achieved at position
4. In this second arc of motion, the elbow explores the segment of the

space through its action envelope E2. The sweeping of the inner half of the
coronal circle is possible from position 4 to 5 through internal rotation of
the shoulder, and the elbow action dissipates. The shoulder rotates
externally from position 5 to 6, and elbow function reappears, whereas
with further external rotation from position 6 to 1, the elbow action
dissipates again.

Figure 2

Schematic drawing showing the elevation of an
externally rotated upper limb in the coronal plane. Complete
exploration of the outer half of a circle is possible through the
envelope of action E1. The elbow allows sweeping of space E2.
The wrist develops motion field E3. The spiral envelope of
motion E4 is determined by finger motion.

Figure 3

Schematic drawing showing motion in the coronal
plane, starting with the neutral position of the upper limb,
position 1. It is possible to explore space from position 1 to 2
without associated external rotation. No elbow action is
possible then. The limb is elevated from position 3 to 4 through
association of external rotation. Descent from position 4 to 5
involves internal rotation. From position 5 to 6 and 1, the limb
derotates to reach a neutral position.

When the upper limb is maintained in neutral rotation at the shoulder,
motion is quite restricted (Figure 4), and no elbow action is possible in
this plane. Maintaining the limb in complete external rotation permits easy
exploration of the outer half of the coronal circle, whereas any functional
motion in the inner half is very restricted. The elbow envelope of action is
clearly visible now in all positions (Figure 2).

Figure 4

Schematic drawing showing motion in the coronal
plane with the upper limb in neutral rotation. No elbow action is
present in this plane.

Placement of the limb in complete internal rotation substantially
restricts the field of motion (Figure 5), but elbow action is possible from
position 1 to 2. The coronal plane is also explored posteriorly in the inner
half space (Figure 6). With a position of internal rotation at the shoulder,
the limb traces a small arc of displacement that allows the elbow, wrist,
and hand to sweep the surface corresponding to the gluteal area and up to
the opposite scapular region. From position 3, the elbow envelope of
action scans the posterior aspect of the back and shoulder.

Figure 5

Schematic drawing showing motion in the coronal
plane with the upper limb in complete internal rotation. The field
of motion E1 is limited, but elbow motion is possible by
exploring space E2. The wrist and digits are continuously
functional.

During elevation of the upper limb in the coronal plane, motion is
determined by the glenohumeral joint and scapulothoracic upward rotation
(Figure 7). Scapular rotation not only contributes to overall elevation but
also is important for maintaining constant fiber length of the deltoid,
allowing deltoid motion over a variety of arm positions. The
acromioclavicular and sternoclavicular joints also participate in a
synchronized manner, producing clavicular rotation and elevation.
Humeral external rotation accompanies the elevation for the performance
of a smooth motion (Figure 8). Beyond 90° of elevation, this external
rotation is necessary to free the greater tuberosity from the coracoacromial
arch. In addition, external rotation of the humerus relaxes the inferior

glenohumeral ligaments, releasing the inferior checkrein effect.1

Figure 6

Schematic drawing showing motion in the coronal
plane posterior to the body. The gluteal area and mid and lower
portions of the back are within reach of the internally rotated
upper limb, position 1, combined with the elbow field of motion,
position 2. The posterior aspect of the neck and shoulders is
reached by external rotation, position 3, combined with the
elbow field of motion E2.

From 0° to 30° of elevation (Figure 7), a variably greater amount of
motion occurs at the glenohumeral joint compared with the
scapulothoracic joint. The precise ratio has been debated and is subject to
individual variation. During the last 60° of elevation, the glenohumeral
and scapulothoracic joints contribute equally. Through the entire arc of
elevation, the overall ratio of glenohumeral joint motion to scapulothoracic
joint motion is 2:1.

Figure 7

Schematic drawing showing motion in the upper
limb. A, Elevation of the upper limb from 0° to 180°. From 0° to
30°, the motion is mostly glenohumeral (GH), with
scapulothoracic (ST) motion occurring to a variable degree.
Overall, the ratio between glenohumeral and scapulothoracic
motion (GH:ST) is 2:1. B, Sternoclavicular (SC) motion occurs
during the initial 130° of arm elevation. Acromioclavicular (AC)
motion occurs from 0° to 30° and then from 135° to 180°, with a
range of motion of 20°.

During upper limb elevation, the clavicle does not remain still. It
elevates 30° to 40° at the sternoclavicular joint, with the maximum at
approximately 130° of elevation2 (Figure 9). The clavicle also rotates on
its long axis beyond 90° of arm elevation. Approximately 40° of clavicular
rotation occurs with respect to the sternum. However, less rotation occurs
with respect to the acromion because of the concomitant synchronous
rotation of the scapula during elevation of the arm. A combined
acromioclavicular motion of 20° occurs during the initial and terminal
phases of elevation (Figure 7).
The motor units responsible for glenohumeral elevation are the middle
segment of the deltoid muscle and the muscles of the rotator cuff: the
supraspinatus, infraspinatus, teres minor, and subscapularis muscles

(Figure 10). Electromyography (EMG) and selective nerve blocks, used to
study the contributions of these muscles, have shown that the deltoid and
all four rotator cuff muscles are active throughout the full range of motion
in both flexion and abduction.2,3 The deltoid and supraspinatus act
synergistically to produce glenohumeral elevation, whereas the
infraspinatus, teres minor, and subscapularis muscles stabilize the humeral
head to prevent cephalic migration. Although the exact contributions of the
deltoid and supraspinatus have been debated, it appears that the deltoid
becomes progressively more effective with increasing elevation, most
likely the result of the improved moment arm.

Figure 8

Schematic drawing showing that natural elevation
of the upper limb in the coronal plane involves 90° of external
rotation. Elevation in the lower and inner segment of a circle
involves internal rotation.

EMG studies (Figure 11) show that the deltoid action potential

increases steadily with elevation, reaches a maximum at 110°, and
maintains a plateau level of activity with a final peak at full elevation. The
supraspinatus reaches a peak at 100°, and beyond this point its activity
diminishes and traces a sine wave. The subscapularis reaches a peak at
90°, maintains a plateau level up to 130°, and diminishes rapidly in action.
The teres minor reaches the maximum at 120° and maintains a high level
of activity, whereas the infraspinatus increases steadily in activity from the
initial position to that of full elevation. The action of the teres minor and
infraspinatus is necessary to continue the external rotation of the humerus
during the last stage of elevation. The posterior segment of the deltoid also
participates as an external rotator (Figure 12).

Figure 9

Line graphs and schematic drawings demonstrate
clavicular elevation and rotation. A, Sternoclavicular motion in

the form of clavicular elevation of 40° occurs, primarily during
the initial 130°. B, Beyond 90°, clavicular rotation occurs on the
long axis. (Reproduced with permission from Inman VT,
Saunders M, Abbott LC: Observations on the function of the
shoulder joint. J Bone Joint Surg Am 1944;26:1-30.)

Upward rotation of the scapula is achieved by the upper trapezius,
levator scapulae, and upper portion of the serratus anterior contracting
concomitantly with the lower trapezius and lower serratus anterior to act
on the scapula as a force couple (Figure 13). When the upper limb moves
in the lower and inner quadrant of the envelope of action E1, it is adducted
and internally rotated. The internal rotation is brought about by the
subscapularis, pectoralis major, and anterior segments of the deltoid
(Figure 12). Adduction is determined by the latter two muscles,
supplemented by the action of the coracobrachialis (Figure 14). During
the anterior adduction-internal rotation, the scapula is abducted or
protracted. This motion is controlled by the serratus anterior and the
pectoralis minor (Figure 15). When the upper limb moves in a similar
lower and inner quadrant but posterior to the body, the limb is once more
adducted and internally rotated. Posterior adduction is brought about by
the latissimus dorsi, teres major, long head of the triceps, and posterior
segment of the deltoid (Figure 14). The latissimus dorsi and teres major
also determine the associated internal rotation (Figure 12). During this
same motion, the scapula is adducted or retracted by the middle segment
of the trapezius and the combined action of the rhomboidei and latissimus
dorsi (Figure 16).

Figure 10

Schematic drawing showing elevators at the
scapulohumeral joint in the coronal plane. 1 = middle deltoid, 2
= supraspinatus, 3 = infraspinatus, 4 = teres minor. The
subscapularis, which lies anteriorly and cannot be seen on this
view, is also an elevator.

When the upper limb is in a maximum position of elevation and is
brought down in the coronal plane in the outer half circle, the scapula
makes a downward rotation. This is determined by the combined action of
the latissimus dorsi, the lower segment of the pectoralis major (the
pectoralis minor acting as the lower component for a force couple), and the
levator scapulae, with the rhomboidei acting as the upper component of the
rotational couple (Figure 17). Downward stabilization of the limb in the
coronal plane is functionally important in activities such as crutch walking
or parallel bar exercising. Depressors of the shoulder complex responsible
for this function include the latissimus dorsi, the lower segment of the
trapezius, the lower segment of the pectoralis major, the pectoralis minor,
and the subclavius (Figure 18).

Figure 11

Line graph showing electromyographic activity of
the elevators at the scapulohumeral joint in the coronal plane.
All five muscles are active from 0° to 90°. Beyond 110°, the
deltoid holds a maximum level of activity. The supraspinatus
decreases in activity beyond 100°. The infraspinatus and teres
minor maintain high levels of activity during the second half of
elevation to ensure necessary external rotation of the shoulder.
(Reproduced with permission from Inman VT, Saunders M,
Abbott LC: Observations on the function of the shoulder joint. J
Bone Joint Surg Am 1944;26:1-30.)

Upward stabilization in the coronal plane is also necessary for
functional purposes, as in carrying heavy loads on the shoulders. This is
controlled by the elevators of the scapula: the levator scapulae, upper
segment of the trapezius, and rhomboidei (Figure 19).

Motion in the Sagittal and Transverse (Horizontal) Planes
From a neutral rotational position, the upper limb moves in the sagittal
plane and sweeps the surface from position 1 to 3 (Figure 20). The elbow,
wrist, and hand are capable of functioning in this plane through their
envelopes of action E2, E3, and E4, respectively.

In position 3, the elbow action extends farther posteriorly, with the
hand reaching the posterior aspect of the shoulder. Further movement in
the posterior half of the field is possible through the internal rotation of the
shoulder, followed by gradual external rotation to bring the limb to its
neutral initial position (Figure 21). Elevation of the upper limb, or flexion
from position 1 to 3, is determined by the anterior segment of the deltoid,
biceps, coracobrachialis, and clavicular head of the pectoralis major
(Figure 22). The rotator cuff is also active in stabilizing the humeral head.
The scapulothoracic mechanism participates in the motion through upward
scapular rotation at a glenohumeral/scapulothoracic ratio of 2:1.2 From the
elevated position 3, the upper limb is brought down by the posterior
segment of the deltoid, long head of the triceps, latissimus dorsi, and
pectoralis major (Figure 23). Beyond neutral, the motion continues as
extension. Motor units responsible for extension include the posterior
deltoid, middle deltoid, and subscapularis. As the degree of extension
increases, the supraspinatus becomes more active. Throughout extension,
the subscapularis and supraspinatus act as prime stabilizers of the humeral
head, with a range of extension of 60° 4,5 (Figure 24). When the upper
limb is elevated to 90° in the coronal plane, the distal point of the limb
scans the horizontal plane and traces an arc of 185° 5 (Figure 25). The
flexors and extensors of the glenohumeral joint control the motion.

Figure 12

Schematic drawing showing rotators at the
scapulohumeral joint. Internal rotators: 1 = subscapularis, 2 =
latissimus dorsi and teres major, 3 = pectoralis major, 4 =
anterior deltoid. External rotators: 5 = infraspinatus and teres
minor, 6 = posterior deltoid.

Figure 13

Schematic drawing showing the muscles that
contribute to upward rotation of the scapula. 1 = upper
trapezius, 2 = lower trapezius, 3 = serratus anterior.

Figure 14

Schematic drawings showing adductors at the
scapulohumeral joint. A, Anterior adductors: 1 = pectoralis
major, 2 = anterior deltoid, 3 = coracobrachialis. B, Posterior
adductors: 1 = latissimus dorsi, 2 = teres major, 3 = posterior
deltoid, 4 = long head of the triceps.

Rotatory Capability of the Shoulder Complex
When the upper limb is held in neutral rotation at the shoulder and the
elbow is flexed at 90°, the distal point traces an arc of internal rotation of
70° and an arc of external rotation of 100°. With the shoulder elevated 90°
in the coronal plane, this rotatory capability changes to 90° of external
rotation and 70° of internal rotation4,5 (Figure 26).
The infraspinatus is responsible primarily for external rotation of the
humerus (Figure 12), with varying degrees of assistance provided by the
teres minor and posterior deltoid depending on the position of the arm. As
the arm is abducted, the posterior deltoid becomes more important,
accounting for 60% of the strength in 90° of abduction.6
Internal rotation of the humerus is produced by the combined action of
the pectoralis major, latissimus dorsi, teres major, and subscapularis

(Figure 12). As abduction of the arm increases from 0° to 90°, activity of
the subscapularis, pectoralis major, and latissimus dorsi tends to decrease,
whereas activity of the deltoid increases.6

Figure 15

Schematic drawing showing abductors or
protractors of the scapula. 1 = serratus anterior, 2 = pectoralis
minor.

Elbow
The elbow joint determines an arc of motion, E2, with a range from 0° to
150°. The orientation of the plane of action is closely influenced by the
rotational position of the shoulder joint. For example, when the arm is
elevated in the coronal plane, the envelope of action E2 of the elbow is
located in this plane if the shoulder is in external or internal rotation.
Although the motion of the elbow has been classified as a hinge joint,
its motion is better described as a loose hinge. The instant center of
rotation varies throughout the arc of flexion-extension. Because this
variation occurs over a small area, it is considered a single axis of rotation,
passing through the center of the arcs formed by the trochlear sulcus and
the capitellum. Using external landmarks, this corresponds to a line

passing through the inferior aspect of the medial epicondyle and the center
of the lateral epicondyle.7
The main flexors of the elbow are the brachialis, biceps, and
brachioradialis. Intricate interactions and a wide range of participation are
accomplished by the elbow flexors depending on the position of the
forearm, degree of elbow flexion, and the applied load.8,9 The brachialis is
the “workhorse” flexor and is active at any rotational position of the
forearm, any degree of elbow flexion, and with or without load applied to
the flexing forearm (Figure 27). Because of the insertion of the brachialis
on the ulna, there is no influence on activity with forearm rotation. The
biceps is also active throughout a full range of elbow flexion; however, its
activity decreases during forearm pronation. The greatest biceps activity
occurs with the forearm in a neutral position and whenever any resistance
is encountered. The brachioradialis is active throughout elbow flexion and,
like the brachialis, its activity is essentially independent of forearm
rotation.

Figure 16

Schematic drawing showing adductors or
retractors of the scapula. 1 = middle trapezius, 2 =
rhomboideus minor, 3 = rhomboideus major, 4 = latissimus
dorsi.

Figure 17

Schematic drawings showing muscles that
contribute to downward rotation of the scapula. A, Anterior
view. 1 = lower segment of the pectoralis major, 2 = pectoralis
minor. B, Posterior view. 1 = levator scapulae, 2 = rhomboideus
minor, 3 = rhomboideus major, 4 = latissimus dorsi.

The main extensors of the elbow include the triceps and the anconeus.
Their activity is not influenced by forearm rotation because of the insertion
site on the ulna. However, activity is heightened with increasing elbow
flexion as well as with an increased load. Contrary to previous studies,10
the different heads of the triceps generally are active in a similar manner
throughout motion.

Figure 18

Schematic drawings showing depressors of the
scapula. A, Anterior view. 1 = lower segment of the pectoralis
major, 2 = pectoralis minor, 3 = subclavius. B, Posterior view. 1
= latissimus dorsi, 2 = lower segment of the trapezius.

Figure 19

Schematic drawing showing elevators of the
scapula. 1 = levator scapulae, 2 = upper segment of the
trapezius, 3 = rhomboideus minor, 4 = rhomboideus major.

Figure 20

Schematic drawing showing elevation in the
sagittal plane. Exploration of space from position 1 to 3 is
possible in the neutral rotational position of the shoulder. Elbow
action E2 is present in the plane. In position 3, the posterior
segment of space is reached through elbow action.

Figure 21

Schematic drawing showing motion in the sagittal
plane. A posterior arc of motion from position 3 to 4 is possible
through internal rotation. From position 4 to 1, the limb
derotates to reach the neutral position.

Figure 22

Schematic drawing showing flexors at the
scapulohumeral joint. 1 = anterior segment of the deltoid, 2 =
clavicular segment of the pectoralis major, 3 = coracobrachialis,
4 = biceps. The arrow indicates flexion.

Figure 23

Schematic drawing showing the extensors at the
scapulohumeral joint involved in muscle activity during shoulder
extension (arrow) from 90° of shoulder flexion. 1 = posterior
deltoid, 2 = latissimus dorsi, 3 = pectoralis major, 4 = teres
major, 5 = long head of the triceps.

Figure 24

Schematic drawing showing flexion at the
scapulohumeral joint is 180°, and no combined rotation is
necessary. Extension is 60°.

Figure 25

Schematic drawings demonstrate that, in the
horizontal plane, the arm can achieve 140° of flexion and 45° of
extension.

Forearm
Forearm rotation occurs about the proximal and distal radioulnar joints,
with the radius rotating around the ulna. Rotation of the ulna with respect
to the humerus is also coupled with forearm rotation. External rotation of
the ulna occurs with supination, and internal rotation occurs with
pronation. When measured at the wrist, forearm rotation averages
approximately 75° of pronation to 85° of supination.5 Approximately 17°
of additional pronation and supination is seen when measured at the hand
because of contributions from the radiocarpal and midcarpal joints.
The axis of pronation-supination is variable in location and dependent
on the distal point of fixation11 (Figure 28). Proximally, the axis passes
through the capitellum and the concave center of the radial head. Distally,

it passes somewhere between the radial and ulnar styloid. When the ulna is
fixed in position, such as when the forearm and hand are resting on their
ulnar border, the longitudinal axis of pronation-supination passes through
the concave center of the radial head proximally and near the fovea of the
distal ulna distally.12 This axis is oblique to the longitudinal axis of both
the radius and the ulna and is independent of elbow flexion-extension. The
hand makes a circumferential transposition with the radial styloids tracing
a large arc of motion. However, in the average habitual motion, the axis of
rotation passes through the distal end of the radius and not the ulnar
head.13 During this rotatory motion, the distal radius and the ulnar head
trace arcs of motion that are comparable in size. Starting from the position
of supination, the head of the ulna is extended and laterally translated in
the neutral position. In pronation, the ulnar head is flexed and further
displaced laterally.

Figure 26

Schematic drawings show rotation at the
scapulohumeral joint. A, With the arm in neutral elevation,
external rotation of 100° and internal rotation of 70° is possible.
B, With the arm elevated 90°, external rotation of 90° and
internal rotation of 70° is possible.

Figure 27

Schematic drawing demonstrates muscle activity
during elbow flexion. (1) Flexion in supination without
resistance; (2) Flexion in neutral without resistance; (3) Flexion
in pronation without resistance; (4) Flexion in supination with
resistance. The brachialis is the baseline flexor. The biceps is
the reserve flexor. Its action is decreased in pronation but
increased when the forearm is supine, especially when
resistance is encountered. Its action is decreased in pronation.
The brachioradialis is more active against resistance. +++ =
maximum activity, ++ = mild activity, + = minimal activity.

Figure 28

Schematic drawing showing rotation at the distal
radioulnar joint. In habitual rotation, the axis passes through the
middle of the distal end of the radius (+). From supination to
pronation, the radial styloid traces curve 1 and the head of the

ulna traces curve 2. From supination (S) to neutral (N), the
head of the ulna is extended and laterally displaced. From
neutral (N) to pronation (P), it is flexed and further laterally
displaced. When the axis of motion passes through the center
of the ulnar head, the latter stays still during rotation, whereas
the radial styloid traces a very large curve (3). The location of
the axis of rotation is determined by a peripheral point of
fixation.

It is important to note that motion at the distal radioulnar joint is not
purely rotational. Because of the differing radii of curvature between the
sigmoid notch of the distal radius and the ulnar head as well as some
inherent ligamentous laxity, translation in the dorsal-volar direction occurs
with forearm rotation. In addition, in the pronated position, the obliquity of
the radius makes it relatively shorter than the ulna, producing a more
positive ulnar variance.
The interosseous membrane that unites the radius and ulna relaxes or
tenses during pronation-supination. The interosseous distance measured in
the distal, middle, and proximal thirds of the forearm is largest in the
neutral position and smallest in full pronation14 (Figure 29). Therefore,
the tension in the membrane is minimal in full pronation. During a fall on
the outstretched pronated hand, the interosseous membrane is not the main
element of pressure transmission to the elbow through the ulna. When load
is applied to the forearm from a distoproximal direction, the radius
transmits 57% of the load directly to the humerus and 43% to the ulna.15

Figure 29

Schematic drawing showing radiohumeral
interosseous distance in pronation, neutral, and supination. The
distance is maximal in neutral and minimal in pronation.
(Adapted with permission from Christensen JB, Adams JP, Cho
KO, et al: A study of the interosseous distance between the
radius and ulna during rotation of the forearm. Anat Rec
1968;160:261-271.)

The forearm is pronated primarily by the pronator quadratus and the
pronator teres (Figure 30). The main pronator is the pronator quadratus;
the action of the muscle is independent of the position of the elbow. The
pronator teres is a reserve pronator that reinforces power when speed is
required or resistance is applied to the motion16 (Figure 31). The relative
contributions of the accessory pronators, the flexor carpi radialis and
palmaris longus, to pronation is debatable. The forearm is supinated
primarily by the supinator muscle (Figure 32). The biceps is the reserve
supinator and reinforces the action when fast supination is required or
resistance is encountered (Figure 33). The extensor carpi radialis longus
and brevis may be accessory supinators.

Wrist
The wrist, which acts as a universal joint, has principal planes of motion in
the sagittal plane (flexion/extension) and in the coronal plane (radial-ulnar
deviation). It also contributes minimally to pronation-supination in the
transverse plane. In isolated flexion-extension, the wrist develops a
spheroid type of motion envelope E3 (Figure 34) that permits the hand to
move without digital motion.12 However, most activities require a
combination of wrist motions. The combination of wrist extension and
pronation-supination permits the hand to explore the outer half of a circle.
The flexed wrist, when rotated, permits the hand to explore the inner half
of a circle. This latter motion allows functional activities related to the
body. Functionally, the hand is used more frequently with the wrist
extended and radially deviated or with flexion combined with ulnar
deviation.

Figure 30

Schematic drawing showing pronators of the
forearm. (1) pronator quadratus, main pronator; (2) pronator

teres, reserve pronator; (3) flexor carpi radialis, an accessory
pronator; (4) palmaris longus, an accessory pronator.

The carpus consists of the distal carpal row, which includes the
trapezium, trapezoid, capitate, and hamate, and the proximal carpal row,
which is made up of the scaphoid, lunate, and triquetrum. The pisiform is
not functionally part of the proximal carpal row because it lies within the
flexor carpi ulnaris and acts as a sesamoid bone through its articulation
with the triquetrum. Although there is some angular intercarpal rotation
between the bones within a row, the bones of each row move
synergistically and can be considered a functional unit with most wrist
motion occurring at the radiocarpal and midcarpal joints. In both flexionextension and radial-ulnar deviation, the center of rotation is in the head of
the capitate.
Overall, the average range of wrist flexion and extension is 75° to 90°.
Through the flexion-extension arc, the proximal and distal rows move in
similar directions. Wrist flexion, which produces flexion and ulnar
deviation of both rows, and extension, which produces extension and
radial deviation, generates an overall coupled wrist motion of flexion-ulnar
deviation and extension-radial deviation. Flexion-extension is motored by
the pull of the extrinsic flexor and extensor muscles on the metacarpal
bases. The distal carpal row is pulled in a similar direction because of the
secure association of the metacarpal bases to the distal carpal at the second
through fifth carpometacarpal joints. The proximal carpal row follows
because of articular contact and ligamentous attachments to the distal row.
Overall, the midcarpal joint contributes 60% of the arc of flexion and the
radiocarpal joint contributes 40%. In extension, the midcarpal contributes
34%, with the remaining 66% contributed by the radiocarpal joint17
(Figure 35).

Figure 31

Schematic drawing demonstrates pronation of the
forearm. (1) Pronation with the elbow flexed without resistance;
(2) pronation with the elbow extended without resistance; (3)
pronation against resistance. The pronator quadratus is the
main pronator active at all positions of the elbow. The pronator
teres increases in activity only against resistance or when
speed is required. +++ = maximum activity, ++ = mild activity, +
= minimal activity.

The wrist flexors are the flexor carpi radialis and ulnaris and the
palmaris longus. The long digital flexors are accessory flexors at the wrist.
The wrist extensors are the extensor carpi radialis longus and brevis and
the extensor carpi ulnaris. The digital extensors are the accessory extensors
of the wrist.
Lateral motion at the wrist averages 15° to 25° of radial deviation and
25° to 40° of ulnar deviation. With radial-ulnar deviation, the two carpal
rows demonstrate reciprocating motion with the proximal carpal row
sliding in the direction opposite of hand movement. During radial
deviation, motion occurs primarily at the midcarpal joint, with the distal
row extending, deviating radially, and translating from a dorsal to palmar
direction. The proximal row flexes and displaces to a less pronounced
degree in an ulnar direction. During ulnar deviation, motion occurs at both
the intercarpal and radiocarpal joints. The distal row flexes and deviates
ulnarly, whereas the proximal row extends and moves radially at the
radiocarpal joint.

Figure 32

Schematic drawing showing supinators of the
forearm. (1) Supinator, main supinator; (2) biceps, reserve
supinator; (3) extensor carpi radialis longus and brevis,
questionable accessory supinators. The arrow indicates
supination.

The radial deviators of the wrist are the extensor carpi radialis longus
and brevis, flexor carpi radialis, abductor pollicis longus, and extensor
pollicis brevis. The ulnar deviators are the extensor carpi ulnaris and flexor
carpi ulnaris, with the extensor carpi ulnar is becoming more effective with
forearm pronation.
The degree of participation of the digital motors determines
recruitment of the wrist motors. When the wrist is in extension and the
fingers make a soft fist, the following wrist motors are active in
descending order: extensor carpi radialis brevis, extensor carpi ulnaris, and
extensor carpi radialis longus. With a tight fist, all three extensors are
maximally active18 (Figure 36). When the fingers are gently extended and

the wrist is held in extension, the extensor carpi ulnaris and flexor carpi
ulnaris are active. The forceful opening of the fingers brings into action, in
descending order, the following additional wrist motors: extensor carpi
radialis brevis, palmaris longus, extensor carpi radialis longus, and flexor
carpi radialis18 (Figure 37). Grip strength is maximal with the wrist in 35°
of extension and 7° of ulnar deviation and is substantially reduced when
the wrist deviates from this position.13

Figure 33

Schematic drawing demonstrates supination of
the forearm. (1) Supination with the elbow flexed without
resistance; (2) supination with the elbow extended without
resistance; (3) supination against resistance. +++ = maximum
activity, ++ = mild activity, + = minimal activity, − = no activity.
The supinator is the main supinator. The biceps is the reserve
supinator, functioning best with the elbow flexed 90° or when
speed or power is required.

Hand
Fingers
Located at the end of a multisegmented system, the hand functions within
the action envelope E3 of the wrist. The flexing finger traces an action
envelope, E4, that is an equiangular spiral19 (Figure 34). When the wrist is
extended, the field of motion of the fingers is within the wrist envelope E3.
With wrist flexion, the action envelope E4 of the fingers extends beyond
the field of motion of the wrist (Figure 34).
With prehension of the fingers, the interphalangeal and
metacarpophalangeal joints must flex in a coordinated fashion to permit
wrapping of the digital palmar surface over the surface of the object.

Separately, the distal joint is flexed by the flexor profundus, the middle
joint by the flexor superficialis, and the metacarpophalangeal joint by the
intrinsic muscles. The coordination of flexion at the interphalangeal and
the metacarpophalangeal joints is brought about by the instantaneous
participation of the extrinsic-intrinsic motors commanded by the motor
cortex as well as through passive restraints. This passive restraint is
primarily the result of the oblique retinacular ligament that arises from the
palmar aspect of the proximal phalanx and adjacent flexor sheath, passing
volar to the proximal interphalangeal joint, lateral to the middle phalanx,
and dorsal to the distal interphalangeal joint, inserting into the distal
extensor hood. This ligament coordinates flexion and extension at the
proximal interphalangeal and distal interphalangeal joints.

Figure 34

Schematic drawings showing wrist and hand
motion. A, Field of motion of the wrist and hand, where E3 is
the action envelope of the wrist and E4 is the action envelope of
the finger tracing an equiangular spiral. The field of motion of
the finger is within E3 when the wrist is extended and projects
proximally when the wrist is flexed. B, The extended wrist,
when rotated, explores the outer half of a circle that is the base
of spheroid E3. C, The flexed wrist, when rotated, explores the
inner half of a circle that is the base of spheroid E3.

Figure 35

Schematic drawings showing the contribution of
the radiocarpal and midcarpal joints to flexion-extension. A, For
flexion, 60% is midcarpal and 40% is radiocarpal. B, For
extension, 33.5% is midcarpal and 66.4% is radiocarpal.
(Reproduced with permission from Sarrafian SK, Melamed JL,
Goshgarian GM: Study of wrist motion in flexion and extension.
Clin Orthop Relat Res 1977; 126:153-159.)

Figure 36

Schematic drawing demonstrates participation of
the wrist motors in wrist extension (1) when making a soft fist
and (2) when making a tight fist. +++ = maximum activity, ++ =
mild activity, + = minimal activity.

Figure 37

Schematic drawing demonstrates participation of
the wrist motors in wrist extension (1) when opening the fingers
gently and (2) when opening the fingers forcefully. +++ =
maximum activity, ++ = mild activity, + = minimal activity.

A fine mechanism of coordination is present locally in the fingers at
the level of the interphalangeal joints as initially presented by
Landsmeer20 (Figure 38). Finger flexion is initiated at the level of the

distal interphalangeal joint by the flexor digitorum profundus. As the distal
interphalangeal joint flexes, the terminal tendon is displaced distally,
causing distal movement of the extensor trifurcation through pull of the
lateral slips, resulting in relaxation of the central slip. Simultaneously, the
oblique retinacular ligament attached to the terminal tendon also increases
in tension and, passing volar to the axis of the proximal interphalangeal
joint, automatically flexes the middle phalanx. This is a passive
mechanism of interphalangeal joint motion. When the proximal
interphalangeal joint is flexed approximately 70°, the previously relaxed
central slip develops tension, pulling the extensor trifurcation farther
distally, relaxing the lateral slips, lateral conjoined tendon, and terminal
tendon. This unloading of the terminal tendon allows for complete flexion
of the distal interphalangeal joint without encountering resistance from the
extensor tendon. Any break in this system of activation and coordination
interferes with the function of prehension.

Figure 38

Schematic drawings demonstrating Landsmeer’s

concept of coordination of interphalangeal joint flexion. A,
Finger in extension. B, Active flexion at the distal
interphalangeal joint increases tension in the terminal extensor
tendon and oblique retinacular ligament. Extensor trifurcation
advances distally, extensor central slip relaxes, and the middle
joint flexes automatically to the same degree. C and D, As
flexion continues, the middle slip increases in tension.
Trifurcation advances more distally, relaxing the lateral tendons
and terminal tendon, including the oblique retinacular ligament.
The distal joint then flexes without encountering extensor
resistance.

The absence of intrinsic muscle action not only breaks the contour of
the longitudinal arch of the finger but also creates an abnormal pattern of
function. The three joints flex successively from a distoproximal direction
rather than simultaneously, and this pattern of flexion prevents the palmar
skin from making the necessary surface contact with the object.
In the absence of resistance, the flexor digitorum profundus is the
primary finger flexor. However, when resistance is encountered, the flexor
digitorum superficialis becomes activated to assist in proximal
interphalangeal flexion and the interossei become more responsible for
metacarpophalangeal flexion.

Figure 39

Schematic drawing demonstrating the extensor
system for the distal interphalangeal joint. 1 = terminal tendon,
2 = middle slip, 3 = lateral slip, 4 = intrinsic tendon, 5 =
quadrilateral lamina.

The opening of the fingers is an essential prerequisite for the act of
prehension. As in finger flexion, extension occurs through a complex
interaction of active and passive forces. Extension of the
metacarpophalangeal joint is controlled by the long extensor. Although a
direct connection between the extensor tendon and the proximal phalanx is
usually present, action at the metacarpophalangeal joint occurs primarily
through two indirect mechanisms. First, an indirect action is exerted in
conjunction with the flexor digitorum superficialis.6 With the
metacarpophalangeal and proximal interphalangeal joints in full flexion,
the initial pull of the extensor acts on the middle phalanx via the central
slip. This force is transmitted through the proximal interphalangeal joint to
the head of the proximal phalanx, producing extension at the

metacarpophalangeal joint. The flexor digitorum superficialis is necessary
in this action to prevent initial proximal interphalangeal extension. Second,
as the metacarpophalangeal joint extends, the sagittal bands migrate
proximally, over the metacarpophalangeal joint, allowing the pull of the
extensor hood to act through the sagittal bands on the proximal phalanx,
producing further extension at the metacarpophalangeal joint.
The proximal interphalangeal joint is extended by the active force of
the lumbricals and central slip of the long extensor. When the proximal
interphalangeal joint extends actively, the oblique retinacular is subjected
to tension and automatically extends the distal joint.20 This is another
mechanism of coordination on the extensor side of the finger. In addition,
the distal joint is extended by the terminal tendon, which is formed by the
long extensor lateral slip but also receives a contribution from the
corresponding intrinsic tendons (Figure 39).
Lateral motion and rotation of the fingers are determined by the
intrinsic muscles. The dorsal interossei abduct or spread the fingers,
whereas the volar interossei adduct the fingers relative to a functional axis
passing through the third metacarpal. There is more abduction to the finger
in extension and less in flexion because of the relative laxity of the
collateral ligaments in extension. A final passive mechanism of flexionextension of the finger is present through a tenodesis effect: wrist
extension flexes the fingers, and wrist flexion extends them.

Thumb
Motion of the thumb occurs through the trapeziometacarpal,
metacarpophalangeal, and interphalangeal joints. Flexion-extension
motion occurs in the plane parallel to the palm with flexion being across
the palm, toward the hypothenar eminence, and extension being away from
the palm. Extension has also been referred to as radial abduction.
Abduction-adduction of the thumb occurs in the plane perpendicular to the
palm.
The thumb sweeps a conoid surface through circumduction.21 This
curved surface is flattened on the palmar aspect (Figure 40). All functional
activities of the thumb occur within this envelope. Through flexionadduction, the thumb traces the segment of the base of the cone along the
palmar surface. The curve traced during this motion is an equiangular
spiral21 (Figure 41). Through extension-abduction, the ray returns to its
initial position.

A fundamental function of the thumb is opposition with the fingers that
occurs as the pad of the thumb is set against the pad of a corresponding
finger. To bring about opposition, the thumb is abducted in a plane
perpendicular to the palm and flexed and rotated (pronated) on its long
axis (Figure 42). The thumb and the pad of the finger make contact along
the equiangular spiral curve of the finger. This action involves motion at
all three articulations of the thumb, with the carpometacarpal joint being
the most important. Overall, the carpometacarpal joint allows
approximately 50° to 60° of flexion-extension, 40° to 45° of abductionadduction, and 10° to 20° of axial rotation.22
Opposition occurs in multiple stages (Figure 42). First, the thumb is
extended and supinated to open the first web space. This is motored by the
abductor pollicis longus, extensor pollicis brevis, and abductor pollicis
brevis. In addition, the extensor pollicis longus acts to extend (and
hyperextend) the interphalangeal joint, bringing the thumb tip farther from
the palm. The thumb is then sequentially abducted, flexed, and pronated to
position the tip against the pad of a corresponding finger. This action is
determined by the abductor pollicis brevis, opponens pollicis, and the
flexor pollicis brevis. In weak opposition, the action of the opponens
pollicis predominates.23 As the force of opposition increases, flexor
pollicis brevis activity increases and exceeds the opponens pollicis (Figure
43). In forceful opposition to the ulnar digits, the opponens pollicis
becomes more predominant and the adductor pollicis becomes involved.
As resistance increases, the extrinsic muscles are recruited.

Figure 40

Schematic drawing demonstrating the field of
motion of the thumb. The basic motions are: 1 to 2, extension
and abduction in the palmar plane; 2 to 3, abduction in the
plane perpendicular to the palm with pronation; 3 to 4, flexion,
adduction, and further pronation; 4 to 1, extension and palmar
abduction with supination; 1 to 4, flexion, adduction, and
pronation.

Figure 41

Schematic drawing demonstrates that the thumb
traces an equiangular spiral when sweeping the palmar surface
from A to B.

Figure 42

Schematic drawing demonstrates opposition of
the thumb. A, Initially, the first web space is opened by
extension and supination of the thumb (a to b). The thumb is
then abducted through curve 1 (b to c), bringing it perpendicular
to the palm. Flexion (curve 2) and pronation (curve 3) complete
the motion, positioning the thumb tip against the tip of a
corresponding finger (c to d). B, In full opposition, the thumb tip

is fully pronated, with the two nails nearly parallel and opposite
one another.

Functional Activities
The functional activities of the hand are extensive but can be grouped into
nonprehensile and prehensile activities. The former includes touching,
feeling, pressing down with the fingers, tapping, vibrating the cord of a
musical instrument, lifting or pushing with the hand. Prehensile activities
are grouped into precision and power grips.23 Precision grip involves
participation of the radial side of the hand with the thumb, index, and
middle fingers to form a three-jaw chuck. When the pads of these digits
come into contact, the grip is described as palmar, whereas for very precise
work, contact with the tip of the same digits creates a tip type of grip. A
lateral, or key, grip involves contact of the pad of the thumb with the
lateral aspect of the corresponding finger in its distal segment.

Figure 43

Schematic drawings demonstrate muscle activity
during weak opposition (A) and strong opposition (B). O =
opponens pollicis; APB = abductor pollicis brevis; FB = flexor
pollicis brevis. +++ = maximum activity, ++ = mild activity, + =
minimum activity.

A power grip predominantly involves the ulnar aspect of the hand with
involvement of the little and ring fingers. The radial three digits also
participate actively either in a pure power pattern form or by adding an
element of precision to the power grip. The power grip can be divided into

three subtypes: cylindrical, spherical, and hook. Despite the many
functions of the hand, any prehensile act, when arrested instantaneously,
might fit in one of these patterns in a pure or combined form.
In a cylindrical grip, all fingers are flexed maximally, such as around
the handle of a tool, and the counterpressure to the flexing fingers is
provided by the thenar eminence. More power is provided to this grip
when the thumb wraps around the flexed fingers. If an element of
precision is necessary, the thumb will adopt a longitudinal position of
adduction that allows for small adjustments of posture. In general, the
pattern of the grip during prehension is determined by the intention and not
necessarily by the shape of the object.24 Finger flexion is primarily
powered by the flexor digitorum profundus. The flexor digitorum
superficialis and the interossei become involved if more power is
necessary. The thumb brings its contribution with the thenar muscles and
the flexor pollicis longus.
The spherical grip is used to hold objects such as a ball. It is similar to
a cylindrical grip in terms of motor force, although the interossei are more
active as a result of the abduction of the metacarpophalangeal joints. When
a large object is held, a power grip is used with minimal flexion of the
fingers, which are abducted and rotated, and the thumb participates at the
opposite pole by stabilizing the object and providing the necessary
counterpressure. With a smaller spherical object, the fingers are adducted
and the thumb is in opposition; this pattern of prehension is of the
precision type.
The hook power grip involves flexion of both interphalangeal joints,
especially the proximal interphalangeal joint, and minimal participation of
the metacarpophalangeal joint. The flexor digitorum profundus and flexor
digitorum superficialis are both involved. This pattern is used in carrying a
suitcase and can be maintained for a prolonged period.

Summary
One of the important physical characteristics that distinguishes humans
from other mammals is the freeing of the upper limbs from the task of
weight bearing, which allows the upper limbs to perform as organs of
prehension. Understanding how the upper limbs of humans have adapted
to this task is crucial in making treatment decisions that affect the clinical
care of individuals with upper limb abnormalities, deformities, or losses.
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Chapter 9

Wartime Amputations
Donald A. Gajewski, MD Paul J. Dougherty, MD

Abstract
Amputations are among the most severe limb injuries seen in military
combat. Caring for personnel with such severe traumatic injuries is a twostage procedure involving initial care at a forward medical facility to remove
the damaged limb to prevent infection and save the patient’s life and later
definitive care provided after the patient is transported to another medical
facility. Advances in care over decades of wars and conflicts have led to the
increased survival of personnel with limb amputations. Specialized care
centers staffed by surgeons, nurses, prosthetists, and therapists have been
established by the US military to provide a team approach to caring for
combat personnel with amputations, with the goal of returning each injured
patient to the best possible health and function.
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Program; Vietnam; World War II
Neither of the following authors nor any immediate family member has
received anything of value from or has stock or stock options held in a
commercial company or institution related directly or indirectly to the
subject of this chapter: Dr. Gajewski and Dr. Dougherty.This chapter is
adapted and updated from Dougherty PJ: Wartime amputee care, in Smith
DG, Michael JW, Bowker JH, eds: Altas of Amputations and Limb
Deficiencies: Surgical, Prosthetic, and Rehabiliation Principles, ed 3.
Rosemont, IL, American Academy of Orthopaedic Surgeons, 2004, pp 7797.

Introduction
Compared with the typical battle casualty, amputations represent a small
but important group of combat casualties that require longer hospital stays,

more surgical care, and prosthetic fitting. The wars of the 20th and 21st
centuries have found surgeons relearning the principles of care for
individuals with amputations in a combat setting. The techniques and
special postoperative care for these patients are not routinely taught in
surgical training programs in the United States. Such personnel often are
the most severely injured patients seen on the battlefield and require
priority care at forward surgical echelons.
Conflict can occur without warning, and military surgeons could be
treating battle casualties with little or no preparation. It is the goal of any
military surgeon to be prepared to treat any battle casualty that arises,
which means minimizing morbidity and mortality, even with a large
number of patients. Preparedness therefore involves the ability to not only
treat battlefield casualties but also instruct others on the care of such
patients.
Personnel with amputations have historically been a substantial clinical
problem for military surgeons because of (1) the severity of injury, (2)
high morbidity, and (3) long hospital stays. Very few surgeons have
extensive experience caring for individuals with amputations in civilian
practice, thus making the study of this type of injury paramount for
military surgeons to provide the best care for their patients. During every
conflict in the 20th and 21st centuries, there has been a steep learning
curve concerning the care of individuals with amputations.
The latest surgical techniques from civilian practice often are
inappropriately applied to personnel who must be transported from a
combat zone. The goals of initial care must take into account the
deleterious effects of evacuation; thus, any initial surgery should prepare
the soldier (or civilian) for the trauma of transportation. In the case of
personnel with amputations, wound closure often is attempted to provide a
residual limb so that a prosthesis may be fitted as soon as possible. As
documented in World War I, World War II, and the Vietnam War, early
wound closure in battlefield hospitals was shown to dramatically increase
complication rates.
During the recent past, the Army Medical Department has assumed
responsibility for other missions (for example, refugee care). The care of
refugees and patients who are not US or allied soldiers, and therefore are
not evacuated, has changed the traditional role of military surgeons. For
such patients, both initial and definitive care currently occurs in the
combat theater. Patient factors also are variable, including being of any

age or sex and having a variety of nutritional and health problems.
Prosthetic fitting of the amputated limb also is highly variable and depends
on the resources of the international community, involved
nongovernmental organizations, and the healthcare resources of the
patient’s nation.

Evolution of US Military Care
Mechanisms of Injury
During the American Civil War, gunshot wounds were the main cause of
injury leading to amputation (75%), with the remainder of the injuries
caused by artillery projectiles (fragments or grape shot).1,2 By World War
I, artillery shell fragments were the most common cause of injury leading
to amputation. Artillery and shell fragments were the major cause of injury
during World War II, but Hampton3 noted that the prevalence of land
mines contributed to the number of patients with limb loss in Italy.

Indications for Surgery
Early in the Civil War, amputations were recommended under the
following conditions: crush injury, nerve or blood vessel injury, gunshot
fracture with extensive comminution, a major open joint injury
accompanied by a fracture, or extensive soft-tissue injury.4,5 Surgery was
recommended as soon as possible within the primary period of the first
day, before the development of sepsis.
By 1863, as surgical techniques evolved and surgeons became more
experienced, indications for amputation became more refined. Gunshot
fractures of the femur were not always necessarily an indication for
amputation. In 1863, Moses6 reported a 12.9% incidence of amputation
associated with long-bone fractures for the battles near Chattanooga,
Tennessee. Hodgen7 and Lidell8 reported good results in treating gunshot
fractures of the lower limbs with Hodgen splints. Hodgen himself, who
treated survivors of the long evacuation from the battlefield to a large
hospital in St. Louis, Missouri, believed that amputation should be
performed only for those patients who had injuries to joints, blood vessels,
or nerves. Swinburne9 advocated amputation surgery for a partial or
complete traumatic amputation, extensive soft-tissue injury associated with
nerve or blood vessel injury and denuded bone, the loss of a major blood
vessel, or compound fractures of the knee or ankle joint. Most gunshot

fractures were treated nonsurgically during the Civil War, and a variety of
splints were developed to treat these fractures.7,8
During World War I, the indications for surgery also changed.
Speed,10 who was with the Base Hospital (Chicago Unit) in France in
1918, reported on 121 amputations. The indications for surgery were
severe fractures, gas gangrene, sepsis, secondary hemorrhage, and trench
foot. The most common level was the transfemoral amputation (58.6%).
Speed10 recommended an open circular amputation with longitudinal skin
slits up the side of the residual limb.
Evacuation Hospital No. 8 reported 151 amputations in 4,714 battle
injuries (3.2%) from September 13 to November 13, 1918. Of these, 62%
were for gas gangrene, 33.7% for trauma, and 10.5% for sepsis. Again,
transfemoral amputations were the most prevalent (39%).11
By World War II, the indications for surgery were primarily for the
direct effects of trauma, with a partial or complete traumatic amputation
being the most common reason for amputation; completion of the
amputation was the initial procedure performed. Major vascular repair had
not yet been developed, and up to 20% of limb losses were caused by
vascular injuries. Infection had declined as a major indication for surgery,
possibly because of the widespread use of antibiotics.3,12,13

Surgical Techniques
Various amputation techniques were reported during the Civil War. The
Army Medical Museum recorded 253,142 casualties in the Civil War;
20,559 patients (8.1%) had major limb amputations (those proximal to the
wrist or the ankle). In this series, transfemoral amputation was the most
common amputation level. The open circular (or flapless) technique was
most commonly used. For transtibial amputations, flaps were used in 1,720
patients (58.8%), and the open circular technique was used in 1,206
patients (41.2%). The total overall mortality of these patients was
35.7%.14
During World War I, various techniques were attempted for
amputation surgery. The United States officially declared war in 1917, but
the Red Cross had been providing medical units to France since the
beginning of the war in 1914. In 1918, a hospital center was established in
Savenay, France, with Evacuation Hospital No. 8 as its core unit. An
amputation service was established at that hospital to care for people with
amputations who would be returning to the United States. The goals of this

service were to provide skin traction, wound care, and physical therapy. A
program of early ambulation with fitting of a temporary prosthesis, with a
design based on the experience of Belgian physicians, also was instituted
at Savenay, and approximately 20% of the returning personnel with
amputations were initially fitted there.11,15 Of the 550 individuals with
amputations examined at Savenay, 58% were treated using the open
circular technique, 30% using the flap technique with delayed primary
closure, and 11% using primary or delayed primary closure alone.11 Of the
residual limbs that were closed, 25% needed to be reopened because of
infection.
After patients were stabilized, they were evacuated to the United
States. In the continental United States, five hospitals were designated as
amputation centers to consolidate the resources of surgeons, prosthetists,
physical therapists, and nurses. The team approach, which is common
today, had its origin at these specialty centers during World War I.16
Kirk,17 who became the US Army Surgeon General during World War
II, wrote about his experiences in caring for personnel with amputations at
two hospitals, where he treated approximately 1,700 patients. He
advocated the open circular technique for war casualties for two reasons:
(1) its simplicity and (2) preservation of the maximum residual limb
length, both of which allowed wide drainage to treat infection and enabled
earlier transport of the patient. Surgical procedures were staged, and
definitive surgical closure was performed when the patient was stable and
in a stable environment. Kirk17 noted that at least 95% of the patients who
arrived from overseas with open residual limbs needed additional care
before prosthetic fitting. Most residual limbs were edematous and had
unhealed areas. Other problems included bony protrusion and infection
(most often from Streptococcus, Staphylococcus, Proteus, and Klebs
Loffler bacillus species).17
Early in World War II, military surgeons relearned the lessons from
previous conflicts. Patients who did not have skin traction after open
circular amputations experienced bony protrusion and needed
reamputation, with the resultant loss of residual limb length. Amputations
in which the skin had been closed were seldom successful because of
infection. After the attack on Pearl Harbor, Hawaii, amputated limbs
treated with delayed primary or primary closure became infected and
required amputation at a higher level (LT Peterson, MD, unpublished data,
1946).

Early in World War I, because of his experience, Kirk was
instrumental in developing policies to care for personnel with amputations.
In 1942, the lack of success with early wound closure led Kirk (before
becoming surgeon general) to reemphasize the open circular amputation
technique.18 The technique at this time was characterized by amputating at
the lowest level of viable soft tissue, allowing the skin to retract, and
successively cutting layers of muscle and bone more proximally to
produce a concave residual limb. The open residual limb permitted wide
drainage to prevent infection. Postoperatively, the patient was to be
maintained in continuous skin traction to prevent the retraction of soft
tissues. A repair or plastic closure of the residual limb was then performed
for patients with an adherent scar. In a later article, Kirk and McKeever12
emphasized that the open circular technique was a two-stage procedure
that required a second surgery for wound closure.

Prosthetic Devices
There was no standardized prosthetic fitting or rehabilitation for Civil War
soldiers with amputations. Minor19 recommended that the artificial limb
should have the following characteristics: have the same size and shape as
the limb being replaced; be constructed of light, strong, and durable
materials; and be “well fitting to the residual limb.” Minor19 felt that the
Anglesey and Bly legs (patented in 1805 and 1858, respectively) were
most appropriate because both had an ankle joint. Palmer legs (created by
Benjamin Palmer in 1846), which had a solid ankle, also were popular. It
is not known how many soldiers used prostheses because many people
with lower limb amputations walked with ambulatory aids, such as
crutches, rather than wearing a prosthesis. During the Civil War, Otis and
Huntington14 reported that 40 to 60 patients with knee disarticulations
were fitted for a prosthesis.
During World War I, several improvements were made in the care and
prosthetic fitting of soldiers with limb loss. First, a program of early fitting
with a plaster temporary prosthesis was tried in France.15 Wilson,15 who
was in charge of the amputee service at Savenay where a limited program
of early walking was instituted for people with lower limb amputations,
believed that if the wound was clean, a patient could begin ambulating
after 2 to 3 weeks. At this time, the patient was fitted with a temporary
prosthesis consisting of a socket and a frame. The frame could be
prefabricated and needed a minimum of fitting, and the socket was

generally made from plaster of Paris and molded to relieve wound
pressure. Wilson15 believed that early ambulation promoted wound
healing, caused residual limb shrinkage, improved morale, and decreased
the time to permanent prostheses. For upper limb amputations, bodypowered grasping hooks were developed and used.17,20,21
Prior to World War II, no national research program, either military or
civilian, existed to investigate the quality of artificial limbs. Initially, the
military believed that such a program was the responsibility of the
Veterans Administration, which had long-term responsibility for personnel
with amputations. However, the Veterans Administration procured nearly
all its prostheses from commercial manufacturers and therefore lacked its
own experienced prosthetists and engineers.
At the request of the US Surgeon General in February 1945, the
National Research Council established a Committee on Artificial Limbs.
Paul E. Klopsteg of Northwestern University in Evanston, Illinois, chaired
the committee. The goals of the committee were to assist the Army, the
Navy, and the government in procuring the best prostheses to meet the
demands of World War II personnel.22,23 In addition, the committee
sponsored studies on the mechanical behavior of both normal and artificial
limbs; studied existing prostheses; and directed research toward
improving, simplifying, and standardizing artificial limbs as much as
possible. This included investigating potential new materials to
manufacture limbs, studying the art of limb fitting, and training the patient
in its use. These studies and research resulted in improvements in upper
limb prostheses, including improvements in the use of plastics; the testing
of many different joints; and the use of rubber, fabric, and bonding
methods that were recommended by the National Bureau of Standards.2224

At the University of California, basic research was conducted on gait
and the use of muscles to power an upper limb prosthesis; the latter was
known as a cineplastic operation. Lower limb studies focused on
identifying the elements of normal gait, principles that are still used today.
This research, started during World War II, was ongoing for several years
and led to substantial improvements in prostheses.22-26

The Vietnam Experience
The experiences of World War II and the Korean War were not routinely

taught to surgeons before they were deployed to Vietnam. Consequently,
the treatment of personnel with amputations in forward hospitals was not
standardized and occasionally compromised patient care, especially in the
earlier stages of the Vietnam War. As casualties increased, amputation
centers in the continental United States slowly began to handle the
specialized care required by these patients.
The incidence of amputations at surgical hospitals in Vietnam ranged
from 4.5% to 5.6%. Most patients had either partial or complete traumatic
amputations that were caused by their injuries, necessitating only
completion of the residual limb. Trauma was the primary indication for
amputation in more than 90% of the patients in Vietnam, followed by
vascular complications (6%), and infection (3%).27-31
Late amputations were performed in cases of infection, from either an
open fracture or a failed vascular repair. Schmitt and Armstrong29 reported
that 186 of 485 amputations (38%) performed at Clark Air Force Base in
the Philippines were late amputations. The precise number of late
amputations performed because of osteomyelitis is not known.
The Wound Data and Munitions Effectiveness Team recorded 98
significant amputations in their series (RF Bellamy, MD, personal
communication). Of these, 35 patients died before reaching medical care,
and 1 patient died of wounds after reaching medical care alive, a mortality
rate similar to that caused by land mine injuries in the Bougainville
Campaign during World War II.

Valley Forge Army General Hospital Experience
Amputations caused by land mines and booby traps occurred in 62% of the
patients who were examined at Valley Forge Army General Hospital
(Alcide M. LaNoue, MD, Ft. Leavenworth, KS, unpublished data, 1971).
Land mines in Vietnam were unconventional devices made from other
ordnance or improvised from local materials. Transtibial (40%) and
transfemoral (27% to 31%) amputations were the most common.
According to data of the Wound Data and Munitions Effectiveness Team,
patients who had lost more than one limb comprised 16% of the battlefield
casualty admissions at Valley Forge Army General Hospital and 19% of
the patients who were received alive at a medical treatment facility. It is
unknown if this increase was the result of improved medical care, which
preserved the most severely injured, or if there was a change in the type of
weapons used against American troops.

Although the recommended technique at this time was an open circular
amputation with postoperative skin traction, as in previous wars, this
technique was not always used. In his series of 410 patients received at
Valley Forge Army General Hospital between 1969 and 1970, LaNoue
reported that 41% of the transtibial amputations had skin closure before
evacuation, and this group incurred a 56% failure rate because of gross
infection. He also found that the time from injury to the prosthetic fitting
increased from 9 to 11 months when closure was performed before
evacuation (Alcide M. LaNoue, MD, Ft. Leavenworth, KS, unpublished
data, 1971).
LaNoue also reported an 88% failure rate for Syme ankle
disarticulations performed in the combat theater, necessitating conversion
to amputation at the transtibial level. This failure occurred because the heel
pad was partially devascularized by removal of the hindfoot. Rather,
LaNoue recommended that the hindfoot be left intact and that simple
wound débridement be performed for forefoot injuries, leaving the choice
of definitive amputation to the receiving physician. The devascularized
heel flap did poorly when a patient was transferred from Vietnam to the
United States.
LaNoue concluded that initial amputations in the combat theater
should follow three principles: (1) Maximum length should be preserved,
and definitive procedures should be ignored until a stable environment can
be provided; (2) if a definitive procedure was necessary, the environment
must be stabilized and the evacuation deferred; and (3) skin traction must
be maintained on all residual limbs wherever possible.
A substantial number of US Army personnel from Vietnam received
treatment at Letterman, Fitzsimons, Walter Reed, Brooke, and Valley
Forge Army General Hospitals.32 Only Valley Forge Army General
Hospital, however, established an amputation service that combined the
skills of a physical therapist, a surgeon, and a prosthetist on one team. A
staff psychiatrist was added to the team in January 1971.33 The goals of
treatment in these hospitals were to provide residual limb healing,
ambulation training (for lower limb amputations) or training in activities of
daily living (for upper limb amputations), an initial prosthesis, and a
medical board that would allow for medical retirement.
By 1969, the number of people with amputations had become large
enough to justify a separate service at Valley Forge Army General
Hospital. Patients evacuated from Vietnam were placed with other

amputees, evaluated, and started on a program of residual limb healing and
physical therapy. Later, patients were fitted with a temporary prosthesis to
walk or perform activities of daily living. Because the numbers were
substantial, these individuals were widely studied. The treatment of
individuals with amputations generally followed a series of successive
stages, as follows: (1) wound healing, (2) preprosthetic training, (3) the
fitting of provisional prostheses, and (4) the fitting of permanent
prostheses. Patients generally progressed from one stage to the next in
sequential order. Each member of the treatment team was responsible for a
specific stage. During wound healing, the surgeon provided most of the
care. During preprosthetic training, therapists worked primarily with the
patient. The prosthetist gradually became involved during the provisional
and permanent prosthetic stages.34
An innovative early ambulation program was initiated at Valley Forge
Army General Hospital to shorten the stages of rehabilitation, based on the
program used by Wilson15 during World War I. Patients ambulated earlier,
even on open residual limbs, which allowed them to become upright
sooner in an effort to attain an earlier proprioceptive sense. Moreover,
weight bearing on lower limb amputations reduced swelling. The hard
socket allowed for compression of the residual limb and decreased edema,
which was thought to allow earlier prosthetic fitting. The psychological
benefits associated with being upright sooner and earlier independence
were well documented. The team approach of the amputation service at
Valley Forge Army General Hospital was not always possible for the
general orthopaedic service. The entire team followed a patient’s progress
from admission to discharge, providing comprehensive care to the patient
and, ultimately, better patient functionality.

Long-Term Follow-up
A review of the records of 484 personnel with battlefield amputations who
were treated at Valley Forge Army General Hospital was performed to
document the level of amputation, indication for initial surgery, and
mechanism of injury.34-36 The most common level of limb loss seen was a
unilateral transtibial amputation, a trend that started in World War II, but
there was a higher proportion of those with multiple limb loss (15.9%)
than other studies, probably because Valley Forge Army General Hospital
was a referral hospital where the more severely wounded patients were
concentrated.

Sixty-four percent of the patients with a transtibial amputation were
injured by land mines or booby traps. Small arms fire, exploding
munitions, and rocket-propelled grenades accounted for the other
amputations. Trauma was the indication for amputation in 89.5% of the
patients, followed by vascular injury (8.4%) and infection (1.9%).34
To determine the lifetime effects of wartime limb loss (approximately
28 years after injury), patients from Valley Forge Army General Hospital
were surveyed regarding their prosthetic history and family life, including
marriage and children; the number of additional surgeries since the initial
amputation; psychiatric history, including membership in Alcoholics
Anonymous and marriage counseling; other injuries; and work history.3436

Transtibial Amputations
Of the 123 patients with transtibial amputation eligible for the follow-up
study, 72 (59%) were available for follow-up and divided into two
groups.34 One group had isolated transtibial amputations, and the second
group had at least one other major injury (polytrauma), defined in this
study as a major lower limb long-bone fracture; burns over more than 20%
of the body surface area; and/or substantial head, face, chest, or abdominal
wounds. Most of the patients (44) were in the second group. A comparison
of employment, marriage, and family factors showed no significant
difference between the two groups. However, the reported incidence of
psychological care differed significantly (P < 0.001) between the two
groups, with only 21% of the first group seeking help compared with 50%
of the second group.34
All respondents were presently wearing prostheses, with the first group
averaging 15.9 hours per day and the second group, 15.7 hours. Most
respondents reported that they had changed prostheses, specifically 78.5%
of the first group and 72% of the second group. The most commonly
reported changes were in the foot (n = 22), suspension (n = 20), liner (n =
18), and socket (n = 8). The average number of prostheses used since the
first permanent prostheses were fitted was 7.89 (range, 3 to 30) in the first
group and 8.84 (range, 4 to 30) in the second group. Patients reported an
average of 1.94 surgical procedures since their initial amputation (range, 0
to 13), with 1.36 in the first group and 2.32 in the second group.34
The use of an osteoplastic technique (Ertl technique) for transtibial
limb loss has been advocated for young, active patients. An Ertl

osteoplasty produces an end-bearing residual limb by creating a bony
synostosis between the tibia and the fibula at the distal end of the residual
limb. The technique was originally described as creating a periosteal
sleeve bridge or tube between the most distal end of the tibia and fibula,
then filling this tube with bone graft to create a “bone bridge” at the distal
bone of the residual limb. Proponents of this technique believe that it
produces a better end-bearing residual limb, with better prosthetic wear.
Subsequent modifications to this technique include using a fibular strut
and orthopaedic hardware for fixation of the bone. One important aspect of
the technique, which is often ignored, is that it provides good soft-tissue
coverage of the residual limb, including myodesis and/or myoplasty.
Deffer et al37 reported that the Ertl procedure resulted in a more stable
and durable residual limb. Comparison with other transtibial amputations
was not documented, however, and the definitive benefits of this level of
amputation compared with the conventional transtibial amputation remain
unclear. The Ertl procedure was performed in 42 patients (63%), 19 in the
first group and 23 in the second group.34 One patient reported undergoing
bone block removal because of pain. The Medical Outcomes Study 36Item Short Form (SF-36) scores for the first group were not significantly
different (P < 0.01) from the controls. Patients in the second group were
significantly different in all areas (P < 0.01). Currently, results are
inconclusive regarding whether this technique should be used in every
young patient undergoing transtibial amputation.34,38,39
Transfemoral Amputations
A review of records by Dougherty36 showed that 59% of the patients with
transfemoral amputations were injured by land mines and booby traps.
Indications for surgery were trauma in 61.8% of the patients, failed
vascular repair in 29.2%, and infection in 8.7%. The average time to
Valley Forge Army General Hospital was 4.4 weeks and to pylon fitting
was 4 weeks, with permanent prosthetic fitting at an average of 7 months.
At follow-up, an average of 28 years after injury, 51% of those alive and
eligible for the study agreed to answer the questionnaire. Of those, 93%
are or were married, 91.3% are or have been employed, and 85% have
children.
The average number of surgical procedures on the residual limb since
the initial amputation was 2.4.36 Six patients (13%) did not presently wear
a prosthesis; the others wore a prosthesis an average of 13.5 hours per day

and have owned an average of 13.8 prostheses since their initial fitting. Of
those who wore a prosthesis, half had changed their prescription since the
initial fitting. Twenty-four patients (52%) reported seeking psychological
care, including Alcoholics Anonymous and marriage counseling. The SF36 scores were significantly lower than those of a control group (P < 0.05)
in all categories except mental health.
Bilateral Transfemoral Amputations
Thirty patients (6.2%) in the follow-up study were identified as having
bilateral transfemoral amputations.35 Of these patients, 26 were injured by
land mines or booby traps. Other mechanisms of injury included artillery
or mortar fire (three patients) and machine gun fire (one patient). The
indications for surgery were trauma in 53 (88%) of 60 residual limbs and
infection in the remaining 7 limbs. The medical records indicated that
postoperative skin traction was used in fewer than 50% of the patients.
Three patients also sustained an upper limb amputation, with one at the
wrist, one above the elbow, and one below the elbow. Documentation of
shock and resuscitation attempts was incomplete, but the records of 14
patients indicated that an average of 23.7 units of blood had been
transfused.
Patients arrived at Valley Forge Army General Hospital an average of
4.5 weeks after injury. The records of 23 patients showed that they were
fitted with pylons or stubbie feet an average of 8.3 weeks after injury
(range, 3 to 20 weeks). The records of 17 patients showed that they were
fitted with permanent prostheses an average of 6.5 months after injury
(range, 3 to 12 months).
Three patients died since leaving Valley Forge Army General Hospital,
and 23 of the remaining 27 (85.2%) agreed to answer the questionnaire
and complete the SF-36 form. Sixteen of the 23 (69.5%) are employed
outside the home even though they have adequate compensation from the
Veterans Administration to maintain a modest lifestyle. Twenty-one
(91.3%) are or were married, and 20 (87%) had children. Five patients
(21.7%) reported the use of mental health services.35
Five patients (21.7%) reported that they still wear a prosthesis for an
average of 7.7 hours per day. Ten others (43.4%) reported using their
prostheses an average of 12.8 years after leaving Valley Forge Army
General Hospital. Five patients reported using prostheses primarily for
“going out.”

The SF-36 scores of those with bilateral transfemoral amputations did
not differ significantly from those of a control group except in the area of
physical function. It is not clear why the SF-36 scores for this group were
higher than those of the other groups. One explanation might be the small
number of patients. Another explanation might be the lower proportion of
patients in the other groups who were eligible to participate in the study.
Finally, an error in the methodology is a possibility.

Operations Iraqi and Enduring Freedom
The wars in Iraq and Afghanistan have seen the lowest fatality rate from
combat wounds of any conflict in American history.40 Although much of
this can be attributed to improvements in protective equipment, the
development of an in-theater trauma system has undoubtedly contributed
to improved outcomes for service members injured on the battlefield.41 In
addition, all deploying surgical teams prepare themselves for combat
casualty care at the Army, Navy, or Air Force Trauma Training Centers,
which are associated with renowned civilian level 1 trauma hospitals.
Tactical combat casualty care and emergency war surgery courses also are
available to deploying surgeons. Operations Iraqi Freedom and Enduring
Freedom also saw the development of far-forward surgical resuscitation
teams that provide surgical and critical care to the most severely wounded
service members as close to the point of injury as possible. In addition,
these operations saw the implementation of the Critical Care Aeromedical
Transport Team, which has the capability of evacuating stabilized,
critically ill patients while providing en route care and continued
resuscitation.42 These advances have unarguably led to the increased
survival of personnel with amputations who may have succumbed to their
injuries in previous conflicts.43
In these recent military operations, the most common mechanism of
injury for major limb amputations was a blast injury, mostly in the form of
improvised explosive devices. Of all the military casualties in Operations
Iraqi Freedom and Enduring Freedom, 70.5% of individuals sustained a
major limb injury, with amputation comprising 7.4% of all major limb
injuries.44 Transtibial amputations were the most common, accounting for
41.8% of all amputations, followed by transfemoral amputations at 35.5%.
Thirty percent of military personnel sustained multiple amputations, and
14% of all amputations involved the upper limbs. Ten percent of all

military personnel underwent amputation more than 90 days after the date
of injury, either because of patient wishes or complications with attempted
limb salvage.45
In 2001, the US Army, under the guidance of the Army Surgeon
General, consolidated the care of personnel with amputations in
specialized centers located at Walter Reed Army Medical Center in
Washington, DC, and Brooke Army Medical Center in San Antonio,
Texas. The US Navy established a third center at the Balboa Naval
Hospital in San Diego, California, with the intent of providing care to
personnel who were from the West coast. At each center, a
multidisciplinary team from more than a dozen specialties was brought
together to address not only the physical needs of the wounded service
member but also the psychological, social, vocational, and spiritual needs
of soldiers, sailors, airmen, and marines.46 Because of this specialized
care, soldiers from these recent conflicts have seen the highest return to
duty rate (16.5%) in recent history.47

Current Concepts
In-Theater Care
The initial goal of the combat surgeon in treating a traumatic battlefield
amputation is to prevent infection and save the patient’s life while
preserving as much residual length as possible. The indications for
immediate amputation in the combat theater are near-complete or partial
amputation, irreparable vascular injury or failed vascular repair with an
ischemic limb, life-threatening sepsis because of local infection, or a
patient in extremis with severe soft-tissue and bone injury to the limb.48 If
a patient has a catastrophic limb injury but has a viable limb and is
physiologically stable, amputation should not be performed in the combat
theater solely because of predicted limb dysfunction. In this case, serial
débridement of the wounds to prevent infection and stabilize the limb
should take place until the patient arrives in the continental United States.
At that time, the patient can participate in the decision for amputation,
which psychologically may help the patient accept his or her limb loss.
The most common mechanism of injury for a traumatic amputation is a
blast injury, and the high energy of this mechanism should be respected.
The zone of injury is much more proximal and broader than appreciated at
first glance. Thorough débridement should be performed, which includes

extending wounds with longitudinal incisions to check for debris that may
have traveled proximally through tissue planes. The treating physician
should have knowledge of standard amputation incisions to facilitate
future definitive closure. An improperly placed incision for initial
débridement may change the definitive closure when the patient returns to
the continental United States for continued care. Guillotine amputations
should not be performed; rather, open, length-preserving amputations,
preserving all healthy tissue, should be performed to leave the maximum
number of treatment options for the surgeon providing definitive care. Any
distal tissue can be considered a “flap of opportunity” and can aid in the
definitive closure, saving not only length but also potentially a joint
level.48
Amputation length should not be determined by proximal ipsilateral
fractures. All proximal fractures should be stabilized before patient
transport for potential salvage of optimum residual limb length.49
Antibiotic beads should be considered in heavily contaminated, deep
wounds. Invasive mold infection should be suspected in patients who
sustain high transfemoral amputations while on foot patrol and have
received large volumes of blood transfusion during resuscitation.50 These
wounds should be packed open with a topical adjunct, such as Dakin
solution (dilute sodium hypochlorite solution).

Evacuation Care
Although the transport times between echelons of care are predictably
small, the accepting surgeon should always consider a repeat débridement
after the patient’s arrival at his or her facility. The zone of injury, which
may initially have been limited, can rapidly declare itself during transfer of
the patient from one treatment facility to another and between serial
procedures. The application of a negative-pressure wound dressing should
be at the discretion of the surgeon and should be avoided in complex,
massive wounds in which the seal would be difficult to maintain (Figure
1). Otherwise, this dressing has been shown to be not only feasible in an
intercontinental air evacuation system but also preferred by both flight
crews and patients.51

Figure 1

Clinical photograph shows the use of negativepressure wound therapy to separate a wound from the
environment. This patient was subsequently treated with a
tissue-sparing amputation after injury by a mortar explosion.
(Reproduced from Covey DC, Richardson MW, Powell ET,
Mazurek MT, Morgan SJ: Advances in the care of battlefield
orthopaedic injuries. Instr Course Lect 2010;59:427-435.)

Definitive Care
After arrival at the definitive treatment facility, serial débridement is
continued until the wound is ready for definitive closure. All means should
be used to preserve limb length, keeping in mind, however, that a stable
soft-tissue envelope is the most important factor in a patient’s ability to
wear and ambulate in a prosthesis. Skin traction may not work if there is a
tenuous soft-tissue envelope that precludes the use of benzoin for traction.
A negative-pressure wound dressing is a good substitute for skin traction
when used in conjunction with elastic bands (vessel loops) that are applied
under tension in a zig-zag pattern (Roman sandal pattern) along the skin
edge. As the negative-pressure dressing assists with fluid evacuation and
edema control, the vessel loops provide skin traction, gradually bringing
the wound edges closer. Free tissue transfers and skin grafting also should
be considered to preserve length in a combat amputation, but may have the

disadvantage of sensation loss, thus resulting in pressure sores in areas of
prosthesis contact. Advances in prosthetic liner and socket technology
have decreased the complications commonly seen in these insensate
tissues.

Rehabilitation
The concept of multidisciplinary amputation care learned at Valley Forge
Army General Hospital during the Vietnam War was mirrored during the
conflicts in the Global War on Terror. Three facilities, the Military
Advanced Training Center at Walter Reed Army Medical Center (now
known as Walter Reed National Military Medical Center), the Center for
the Intrepid at Brooke Army Medical Center, and the Comprehensive
Combat and Complex Casualty Care Center at Naval Medical Center San
Diego all focus on a holistic, family-centered care program. The goal is to
return the service member to the highest quality of life regardless of
injuries. Using specialized care centers also allows for a strong peer
visitation and mentorship program, providing accessible, constant peer
support and camaraderie.52

Revision Surgery
Both elective and nonelective complication rates are high in combat
amputations. Tintle et al53 showed that there was a 53% reoperation rate in
patients sustaining a major lower limb amputation. Postoperative wound
infection was the most common at 27%, followed by symptomatic
heterotopic ossification (24%), neuromas (11%), scar revision (8%), and
myodesis failure (6%). Revision surgery can be psychologically
challenging to a patient who has made great strides in his or her
rehabilitation only to have this stopped or delayed by additional surgery
and recovery time. Therefore, it is important to counsel patients on this
high reoperation rate during the initial hospitalization and further inform
them that, other than surgery for infections, they are commonly the ones
requesting the revision surgery.

Summary
Amputations are among the most severe limb injuries seen in war. Care for
personnel with amputations has been an important clinical concern for the
military in every major conflict in the 20th and 21st centuries. Because

few surgeons or medical teams have substantial clinical experience in
caring for such patients, lapses or inconsistencies occur. In addition, the
techniques and requirements for patients evacuated from overseas
hospitals differ from those required by patients treated in civilian hospitals.
War surgery for amputations is a two-stage procedure. Initial care to
remove the limb, prevent infection, and save the patient’s life is provided
at a forward hospital. Length-preserving amputations should be performed,
avoiding guillotine amputations and skin traction. After stabilization, the
patient continues along the evacuation chain, undergoing additional
débridements at every echelon of care. The patient should be treated with a
negative-pressure wound dressing when possible.
As demonstrated in previous conflicts, there is a clear need for
amputation centers that specialize in the care of personnel evacuated from
a combat theater. The main advantages of this consolidation of efforts
include maintaining the clinical skills of the nursing staff, prosthetists,
therapists, and surgeons to facilitate complete healing of the residual limb;
fitting with a provisional prosthesis; rehabilitation; and fitting with a
satisfactory permanent prosthesis. Specialized care centers have been
established by the US military to provide a team approach to caring for
combat personnel with amputations, with the goal of returning these
individuals to maximal health and function.
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Chapter 10

Prosthetic Rehabilitation in
Less-Resourced Settings
Carson Harte, CEO Helen Cochrane, CPO(c), MSc

Abstract
A less-resourced setting has been defined as a geographic area with limited
financial, human, and infrastructure resources. These conditions are
common in low- and middle-income countries and can represent a
substantial barrier to the delivery of appropriate prosthetic services. Access
to services, policies, funding, human resources, and prosthetic technologies
may differ in less-resourced settings compared with conditions in some
higher-income countries. It is helpful to be aware of common commercially
available prosthetic systems used in these challenging environments along
with current technological advances.

Keywords: assistive technology; barriers to prosthetic
services; education: prosthetics and orthotics; ICRC
polypropylene technology; Jaipur foot; less-resourced
settings; low-income countries; prosthetics
Mr. Harte or an immediate family member serves as a board member,
owner, officer, or committee member of the International Society for
Prosthetics and Orthotics. Ms. Cochrane or an immediate family member
serves as a board member, owner, officer, or committee member of the
International Society for Prosthetics and Orthotics.

Introduction
A less-resourced setting (LRS) has been defined as a geographic area with
limited financial, human, and infrastructure resources. These conditions
are common in low- and middle-income countries but also can exist in
some high-income countries.1 Assistive technology, such as prosthetic
devices to help individuals with disabilities attain mobility, achieve equal

opportunities, enjoy human rights, and live with dignity, are limited in
these settings.2-10
The World Report on Disability from the World Health Organization
(WHO) and the World Bank indicates that more than 1 billion individuals
around the world live with disabilities.3 Conservative population-based
estimates suggest that 0.5% of any population may benefit from prosthetic
and/or orthotic services;3,5,9,11 in Africa, Asia, and Latin America, that
includes an estimated 30 million individuals.11 In many LRSs, the
prevalence of disabilities is reported as higher than in well-resourced
settings10,12 and is expected to increase.3,5 Irrespective of the setting,
individuals with disabilities are known to have poorer health outcomes,
lower educational attainment, reduced social and economic participation,
and higher overall rates of poverty than those without disabilities.3
Individuals from typical at-risk groups such as women, the elderly, those
with limited education, and the unemployed are also considered to be at
increased risk of disabilities.3 These trends suggest a cycle of exclusion
and a profound effect on those with disabilities living in an LRS.10
Access to appropriate, affordable, sustainable prosthetic services is
important in mitigating this effect and presents challenges in LRSs.
Appropriate services require collaboration among a spectrum of key
stakeholders, including governments, funding agents, educators, industry,
private enterprise, service providers, and the users of prosthetic services.
Additional requirements include an adequately trained professional
workforce and appropriate technology.

Access to Prosthetic Services
The service and delivery of prosthetic devices in LRSs is provided by a
range of stakeholders, which varies from country to country. The
individual responsibilities between stakeholders within each country are
unique and depend on the resources and capacities of the contributors.
Services from referral through follow-up are often in short supply. They
are commonly centralized in large cities and are usually located at a
substantial distance from many potential users.2
Three major institutional donors, Deutsche Gesellschaft für
Internationale Zusammenarbeit GIZ (formerly GTZ), the United States
Agency for International Development (USAID), and The Nippon
Foundation, have provided substantial ongoing support to improve access

to assistive technology. Their input has generated activity in education and
technology transfer. A recent impact assessment in East Africa by USAID
indicated that its grants had a positive effect on the establishment of
services, the appropriateness of service delivery, and on the lives of
individuals with disabilities.13 However, a recent WHO statement suggests
that despite this support, there persists a broad lack of understanding of the
benefits and needs of assistive technologies; a failure of infrastructure to
procure, produce, and maintain devices; and the absence of a properly
trained workforce.6

Policy and Funding
Many countries have an existing legislative framework related to disability
and/or rehabilitation. However, systematic barriers exist in the
implementation of laws, including a lack of strategic planning, health
infrastructure, health information systems, and communication strategies.
These barriers are further compounded by a lack of agencies responsible
for administering, coordinating, and monitoring complex referral systems,
as well as inadequate consultation with individuals with disabilities.3
The provision of assistive technology for mobility is often a low
priority for governments. In a global survey of 114 countries on the
equalization of opportunities for individuals with disabilities, 50% had not
passed relevant legislation, 48% had no policies related to providing
assistive technology, and 36% had not allocated fiscal resources to develop
and supply assistive devices.2
The United Nations Convention on the Rights of Persons with
Disabilities has been an important step toward providing an accountability
framework for governments. Articles 4, 20, and 26 of the Convention
specifically require member states to ensure access to assistive technology
that is provided by trained professionals.4
In 2006, key stakeholders from 35 organizations and agencies agreed
to a common approach to improve access to good-quality services for
individuals with disabilities. The Prosthetic Orthotic Programme Guide,5
which was endorsed by the International Society for Prosthetics and
Orthotics (ISPO), provides support to international and local aid
organizations involved in supporting the establishment and development of
prosthetic and orthotic services in low-income settings. The guide
recommends considering the following principles (among others): Ensure

that the project has been proposed by or is supported by government;
support the establishment of services that provide both prosthetic and
orthotic devices; build local capacity in both technical and managerial
aspects within the program; promote the ideal that services should be open
for all; work closely with carefully selected local partners and owners of
the service; build services on existing systems with respect to such
considerations as staff compensation and the procurement of materials;
carefully consider the selection of technology and components (that is,
consider technology already in use in the country, realistic expectations for
cost, availability, clinical capacity, and technical capacity); and promote
continuous evidence-based research.5
These guiding principles are considered key to developing services that
are cost effective and sustainable. These principles are echoed in a 2011
joint position paper published by WHO and USAID on the provision of
mobility devices in LRSs, which also encourages a comprehensive
approach to service delivery.2
Funding limitations are an additional challenge frequently encountered
in LRSs,2 where individuals with disabilities reportedly pay for more than
50% of the cost of assistive technologies.14 Because disability is
bidirectionally linked to poverty,3 the challenge of funding prosthetic
services should not be underestimated. Studies indicate that individuals
with disabilities have higher costs of living, higher healthcare
expenditures,3,15 fewer assets, and worse living conditions.3 In lowincome countries with a per capita income as low as $664 USD,16 it would
be particularly reasonable to suggest that the cost of prosthetic devices
may be unaffordable for most individuals with disabilities.
In 2014, WHO issued a concept note on its global cooperation on
assistive health technology (GATE) initiative to increase access to
assistive technology. This concept note stated that the assistive technology
industry is essentially a monopoly; the cost of products is overly high and
does not take advantage of economies of scale; and global issues exist
regarding limited funding for development and production, weak or
nonexistent procurement systems, the absence of safety measures, and
inadequate servicing and user training in LRSs.6
Similarly, in the USAID impact assessment of East Africa, researchers
reported that in Tanzania, Kenya, and Uganda (the three target countries),
constraints related to cost, supply chain, and limited availability of
consumables had a substantial effect on services.13 These countries

reported heavy reliance on international, nongovernmental, and/or
charitable organizations to fund services, which, anecdotally, is also
considered to be true in other LRSs.
It is important that funding agents understand the complexities of
providing prosthetic and orthotic services. Appropriate, sustainable
services are considered a long-term endeavor and may require input or
support over many decades to achieve acceptable results. Short-term
assistance for users of prosthetic and orthotic services may generate few or
no lasting results. In short-term endeavors, after a device wears out,
beneficiaries may consider themselves to be in a worse situation than
before having the device. ISPO recommended that the long-term
objectives be prioritized over the narrower goal of supporting a large
number of individuals as quickly as possible.5

Human Resources
Training a professional work force is important for the delivery of
appropriate services.2-4,11,13,17 The lack of professionally trained
personnel is a barrier to providing appropriate services. Similarly,
continuing education for existing personnel is insufficient.2 In the 2005
United Nations survey on equalization opportunities for individuals with
disabilities, 37 countries reported that no action had been taken to train
personnel in rehabilitation, and 56% reported that the medical knowledge
of healthcare providers related to disability had not been updated.2

Figure 1

Illustration of the pyramid of training for prosthetic
and orthotic professionals.

The ISPO projects that 40,000 professionally trained prosthetists
and/or orthotists are needed for Asia, Africa, and Latin America and
should be supported by as many as 140,000 technicians trained to fabricate
prosthetic and orthotic devices. As many as 75% of LRSs have no training
programs, and as few as 400 new prosthetists and orthotists graduate from
internationally recognized programs each year. This indicates that the
current training models are insufficient to meet the need for trained
professionals to provide care for the estimated 30 million individuals who
could benefit from prosthetic and orthotic services.11
In recognizing the need for appropriate training in LRSs, WHO and
ISPO have worked together on international standards and guidelines for
training personnel. The first joint guidelines were developed in 1991 and
have since been supplemented by detailed guidelines on education and
training written by ISPO. Thirty-eight schools in 26 countries, in both lessresourced and well-resourced settings, are recognized by ISPO as meeting
the standard for training of prosthetic and orthotic professionals.18 An
additional 81 schools or national pathways in 50 countries are currently in
various stages of consultation with ISPO to consider working toward
international recognition.
These guidelines consider differences in educational standards and the
need for services. The guidelines also provide a reference for appropriate
training levels for professionals to ensure that safe, appropriate care is
provided, irrespective of the resources in a given setting. Training is
stratified into three categories (Figure 1): Category I is the training level
aimed at clinical leadership and advancing services; category II is the
training level aimed at general clinical service delivery; and category III is
the training level aimed at technical fabrication of devices without
providing clinical interventions.
When individuals without formal training provide prosthetic services
in LRSs, poor outcomes have been reported. A 2010 study in the
Philippines found that of 1,494 screened amputees, 122 (8.2%) had a
prosthesis, and these individuals attended the screening because their
prosthesis needed to be adjusted or replaced because of poor quality or
fit.19 Field tests in two countries where service providers had received 3
weeks of training (but were not formally trained to international standards)
identified that the recipients of such services were less intensive users with
fewer jobs and that the craftsmanship of the provided devices was
generally considered to be poor.20 These findings support the need for

formally trained professionals to provide prosthetic services to ensure that
resources and outcomes are optimized.

Prosthetic Technologies in LRSs
A variety of prosthetic technologies exists and is widely used in wellresourced settings for many clinical and user-initiated goals. Research and
development of new or improved prosthetic designs over the past two
decades have focused largely on these relatively affluent and resource-rich
settings.14 With the expiration of patents on certain prosthetic or orthotic
devices, a new trend has begun in which products using technologies
developed for well-resourced settings are being manufactured and
distributed in low- and middle-income countries, with the potential to
decrease cost and increase availability. However, in many LRSs, these
designs are currently cost prohibitive and are often impractical for
application in local environments and user activities6,17 (Figure 2).

Figure 2

Uneven terrain, high humidity, mud, and wet
conditions (in various combinations) are common in lessresourced settings. Photograph shows the user of a transtibial
prosthesis harvesting rice in a wet and muddy Cambodian field.
(Courtesy of Robert Joiner, Wellington, New Zealand.)

Access to materials and equipment is limited in LRSs. Research and
development are needed to identify technologies, materials, methods, and
equipment that are cost effective and do not adversely affect the quality of
services.5
Frequently, the cost of importation is high and the demand for devices
may be low because of poor awareness or limited purchasing capacity.2
For most LRSs, prosthetic services are delivered on a small scale, often
using novel, indigenous designs (Figure 3) and donated or recycled
materials and parts.
In many countries, prostheses are classified as single-use devices and
are considered appropriate for a single user only. Reusing a device without
approval by the licensed manufacturer of the device is prohibited by law
because it potentially reduces performance or effectiveness and presents
risks to the user and treating staff, including mechanical failure and cross
contamination.21 Despite such restrictions implemented in well-resourced
settings, secondhand components (and even complete devices) are
sometimes reused in LRSs. These items are recycled to extend the useful
life of the technology or to provide limbs for individuals who otherwise
would have no access to prostheses. This model of service may seem
appealing, but it can be problematic for individuals receiving prosthetic
devices and for the long-term sustainability of services. Parts are often not
interchangeable and the ability to repair or refurbish parts can be almost
nonexistent. Individuals who provide such services often have little or no
training and may lack the capabilities to safely and appropriately assess,
assemble, fit, and/or align devices. The technology often cannot be
repaired or replaced in the future, leaving the user with no prosthesis or a
relatively basic or unsafe device. Collectively, this approach to service
delivery can potentially do more harm than good.5

Figure 3

Photograph shows a homemade transtibial
prosthesis. (Courtesy of Christine Dee, RTRP, RN, BSc, PO,
Manila, Philippines.)

Ikeda et al9 reviewed research and outcome measures in resourcelimited environments and reported that lack of durability is a persistent
problem. In addition, although a few specific benchmarks exist for lower
limb prosthetic interventions, no upper limb benchmarks could be
identified.
As a result of concerns of the international community, the
International Standards Organization (ISO), with support from ISPO,
developed ISO 10328 (prosthetics standard for structural testing) to ensure
safety and assist in the development of prosthetic devices.22 This
minimum standard is considered an important safety benchmark, and the
authors of this chapter recommend compliance for prosthetic components
delivered in LRSs.
In the 1996 Consensus Conference on Appropriate Prosthetics
Technology for Developing Countries,23 the use of international and

national manufacturing standards was considered to be essential and
important in settings without ready access to services. Some technologies
designed for use in LRSs, such as the International Committee of the Red
Cross (ICRC) systems, the Limbs International Knee (Figure 4), and the
Alimco limb systems, have met this standard. Encouragingly, a few
additional systems and components are in the testing phase.

Figure 4

Photograph of a Limbs International transfemoral
prosthesis with a Niagara foot. (Courtesy of Roger V. Gonzalez,
PhD, PE, El Paso, TX.)

Jensen and Heim24 reported the ISPO protocol and assessment system
for clinical and technical interventions as one of the most common
outcome measures used for lower limb prosthetic devices in LRSs. It
describes quality standards that are attainable, and encourages providers to
achieve those standards.9

Feet
Prosthetic feet have long been reported as the prosthetic part most likely to
fail in LRSs.23 Durability has been cited as the most important factor for
the prescription and/or selection of prosthetic feet. Conditions related to
climate that are common in many LRSs such as heat, moisture, and
exposure to ultraviolet light negatively affect the durability of prosthetic
feet. Several feet designed for use in LRSs have been tested in industrystandard static-proof tests and cyclical loading tests with acceptable
results. However, LRS field tests have demonstrated that these functional
working environments can result in a lower level of durability than that
identified by laboratory tests alone.9,20,22

Figure 5

Photograph of the Niagara foot prosthesis.
(Courtesy of Roger V. Gonzalez, PhD, PE, El Paso, TX.)

In 2013, a review by Ikeda et al9 reported that polyurethane feet were
not recommended for tropical environments. Vulcanized rubber feet
offered improved durability and therefore were preferred for tropical
environments. Feet designed for use in LRSs such as the Niagara foot

(Figure 5) met the outlined needs associated with cost, simplicity, and
durability, although field tests suggested that the durability of the cover
may need improvement.9

Knees
Low-cost prosthetic knees that take advantage of existing design principles
have been tested for use in LRSs. Knees such as the Limbs International
Knee (formerly known as the LeTourneau Engineering Global Solutions
Knee; Figure 6) and the ReMotion Knee (formerly known as the StanfordJaipur Knee) are showing potential for improving function and stability at
a low cost; however, independent tests are still needed to verify results.9

Prosthetic Systems
Considering the scope of the potential market for prosthetic componentry
in LRSs, only a few specifically designed prosthetic systems exist. Two of
the main designs used in such settings are the ICRC Polypropylene
Technology and the Jaipur System.

International Committee of the Red Cross
In 1979, to provide services in conflict areas and LRSs, the ICRC launched
its physical rehabilitation program. The aim of the program was to deliver
good-quality, sustainable services that promoted the use of technology
appropriate to the specific contexts in which the organization operates. The
goal was to deliver devices that were durable, comfortable, and easy for
patients to use and maintain; easy to learn, use, and repair; standardized,
but compatible with the climate in different regions of the world; low-cost,
but modern and consistent with internationally accepted standards; and
easily available regarding the supply chain.

Figure 6

Photographs of the Limbs International Knee,
formerly known as the LeTourneau Engineering Global
Solutions Knee. (Courtesy of Roger V. Gonzalez, PhD, PE, El
Paso, TX.)

Following early efforts to use locally available raw materials for
component manufacture, the ICRC began using polypropylene sockets in
1988. In 1991, the first prosthetic knee joint was produced in Cambodia,
followed by work in Colombia to develop a range of injection-molded
polypropylene prosthetic kits to standardize the organization’s various
projects.25

Both lower limb and upper limb systems are available. Simple,
comprehensive manuals are available describing fabrication and bench
alignment of the systems. Most levels of amputation can be addressed with
the simple range of modular kits (Figures 7 and 8). Parts are standardized,
interchangeable, durable, of midrange cost, and can be ordered
internationally. The modular design facilitates an efficient supply chain
and is easy to fabricate, adjust, maintain, and repair.
In the ICRC system, each socket is created from an individual cast and
positive plaster model. For transfemoral sockets, a quadrilateral design is
encouraged because the wrap-draped polypropylene socket generally does
not allow for the frame socket design to be used effectively with the ischial
and ischial/ramal containment sockets.

Figure 7

Photograph of an International Committee of the
Red Cross transtibial prosthesis ready for bench alignment.
(Courtesy of Helen Cochrane CPO(c), MSc, Manila,

Philippines.)

Transfemoral sockets are suspended using either a standard or
modified Silesian belt. A valve for suction suspension may be used where
appropriate, but prescribing suction suspension in tropical climates should
be considered carefully. Although some individuals can successfully use
suction suspension in a tropical climate, heat and humidity can diminish
the skin-socket interface required to maintain suspension. Muddy, wet,
irregular terrain associated with many rural areas and some urban areas
can result in distraction forces that are higher than usually expected,
especially during the tropical rainy season. In such instances, it can be
difficult to maintain suspension through suction alone.

Figure 8

Photograph of a transfemoral prosthesis using an
International Committee of the Red Cross single-axis manual
locking knee, a solid ankle cushion heel foot, and Silesian
suspension. (Courtesy of Helen Cochrane, CPO(c), MSc,
Manila, Philippines.)

The lower limb systems use solid ankle cushion heel (SACH)-style
feet. The transtibial kits (Figure 9) include attachment/alignment
couplings and a pylon. The transfemoral kit (Figure 10) adds a manually
locking, single-axis knee joint (Figure 11). Also, a single-axis hip joint is
available for more proximal amputation levels. Ankle disarticulation and
knee disarticulation can be addressed with the system using a modified
foot or knee joint with a low-profile attachment coupling.

Figure 9

Photograph of an International Committee of the
Red Cross transtibial prosthesis kit, which includes a socket
attachment cup (A), an alignment disk with a flat superior
surface and convex inferior surface (B), a two-part pylon with a
concave alignment coupling (C and D), a foot attachment
coupling with a convex superior surface for alignment and a flat
inferior surface for solid ankle cushion heel foot attachment (E),
and a foot bolt (F). (Courtesy of Helen Cochrane, CPO(c), MSc,
Manila, Philippines.)

Figure 10

Photograph of an International Committee of the
Red Cross transfemoral prosthesis kit, which includes a socket
attachment plate (A), an attachment coupling for a long
transfemoral amputation (B), an attachment cup for a short
transfemoral amputation (C), an alignment disk with a flat
superior surface and a convex inferior surface (D), a distal
pylon attachment with a concave alignment coupling (E), a foot
attachment coupling with a convex superior surface for
alignment and a flat inferior surface for solid ankle cushion heel
foot attachment (F), and a foot bolt (G).(Courtesy of Helen
Cochrane, CPO(c), MSc, Manila, Philippines.)

Figure 11

Photograph of a manual locking knee. (Courtesy
of Helen Cochrane, CPO(c), MSc, Manila, Philippines.)

Figure 12

Photograph of an International Committee of the
Red Cross transtibial concave pylon and alignment disk with a
convex surface for tilting and a sliding surface for shifting.
(Courtesy of Helen Cochrane, CPO(c), MSc, Manila,
Philippines.)

In the lower limb system, a wide range of alignment adjustments are
possible through the attachment/alignment couplings. This includes
convex/concave disks for tilt/shift, as well as sliding surfaces for shifting
and rotation (Figure 12). The various sections are locked in place during
alignment using bolts and secured with plastic welding after the alignment
process is complete. Allowing for alignment changes from standard bench

alignment throughout the dynamic alignment process and even after the
prosthesis is fitted represents an important functional advantage in
achieving optimized and energy-efficient gait.
The upper limb system offers body-powered split-hook terminal
devices (Figure 13) and passive hands in a range of sizes. The transradial
prosthesis can be used with a self-suspending socket or with harness
suspension, double-wall construction for fabrication of the forearm, a
control harness as appropriate, and a bicycle brake cable acting as a
control cable to connect the harness to the terminal device. The
transhumeral system uses a manual locking elbow (Figure 14) and
standard socket designs, harnessing, and control systems.

Figure 13

Photograph of an International Committee of the
Red Cross transradial prosthesis with a split hook terminal
device. (Courtesy of Helen Cochrane, CPO(c), MSc, Manila,
Philippines.)

Figure 14

Photographs show anterior (A) and lateral (B)
views of an International Committee of the Red Cross
transhumeral prosthesis with a manual locking elbow.
(Courtesy of Helen Cochrane, CPO(c), MSc, Manila,
Philippines.)

Although the ICRC scaled back its involvement in the production of
prosthetic (and orthotic) components, the system continues to be
manufactured and sold to nongovernmental organizations via private
vendors. The cost for this system is generally less than for other
commercially available prosthetic parts. Sockets are typically drapeformed from polypropylene sheets, which limits the range of raw materials
that must be stored. The need for chemical storage and the regulation of
ambient temperature frequently associated with composite/lamination
materials, which can be a challenge in LRSs, is also reduced. These
simple, standardized manufacturing methods can improve the consistency
of outcomes, resulting in lighter and more durable prostheses than can be
achieved and maintained by locally made devices fabricated in LRSs.

Figure 15

Photograph of a Jaipur prosthetic foot. (Courtesy
of Helen Cochrane, CPO(c), MSc, Manila, Philippines.)

Another benefit is that the interchangeable parts can be used across
many amputation levels, further limiting the range of materials that must
be kept in inventory. This simplifies the supply chain, and for
organizations that import parts, this system offers a simple, cost-effective
way to manage high-volume individual needs. Studies of prosthetic
systems in LRSs indicate that the ICRC system is appropriate for both
transtibial and transfemoral applications.9

Jaipur Foot
The Jaipur Foot is part of a prosthetic limb system linked with several
prosthetic/orthotic centers in India. It has also been used within short-term
international fitting camps in other countries.
The Jaipur Foot (Figure 15) was first developed in 1968 to meet the
sociocultural needs of individuals with disabilities in India. The foot was
designed to allow the user to squat; sit cross-legged; walk on uneven
terrain; work in wet, muddy fields; and walk without shoes. The foot does
not have a central keel and aims to allow a wide range of motion through
the foot-ankle assembly. This vulcanized rubber foot is reported to be
waterproof. Its design is culturally appropriate, low cost, and widely used
in India.26 It has higher rates of deformation in independent static loading
tests and higher rates of delamination when compared with other feet
during cyclical load tests.20 However, the technical quality of the Jaipur
Foot can be considered acceptable and is better than that observed and
reported by ISPO for some SACH foot designs aimed at low-income
countries.26

Figure 16

Photographs show anterior (A) and lateral (B)
views of a Jaipur transtibial foot prosthesis. (Courtesy of Helen
Cochrane, CPO(c), MSc, Manila, Philippines.)

The Jaipur transtibial prosthetic system uses high-density polyethylene
pipes for both the socket and shank and is an exoskeletal design (Figure
16). The system is designed for quick fitting (usually within 1 day) but
offers limited dynamic alignment and maintenance. The Jaipur
transfemoral prosthesis is also fabricated from high-density polyethylene
pipes and offers a single-axis knee with or without a lock.26
In a study in three countries that examined 172 transtibial amputees
approximately 2 years after being provided with Jaipur transtibial
prostheses, craftsmanship and fit were poor in 56% of cases.27 In another
study that examined 72 transfemoral prosthesis users in the same three
countries approximately 2.5 years after being provided with Jaipur
transfemoral prostheses, craftsmanship and fit were assessed as being poor
in 86% of cases.28 Fabrication and fitting in the three projects were

performed by individuals who had limited background training in
prosthetics. The outcome was considered unsatisfactory both technically
and clinically. This was considered a reflection of the inadequacies of the
prosthetic construction and the inadequate training of those involved in
fitting and fabrication of the devices.27,28
The Jaipur foot program has been working to improve its components,
as shown by the recent involvement with the ReMotion Knee, a four-bar
polycentric knee, which improves stability in stance and improves gait
when compared with single-axis designs.26

Summary
An LRS is usually a low- or middle-income geographic area that is at a
stage of economic and/or social development in which resources are
insufficient to meet the needs of a population. There are many strategies
that can be used to help meet the needs of individuals who could benefit
from prosthetic services in an LRS. When resources are scarce, optimizing
the efficiency of services is vital. Training a professional work force is
important for the delivery of appropriate services; WHO and ISPO have
developed international standards and guidelines for such training.
Because the range of appropriate, available technology and access to
materials and equipment are limited in an LRS, further research and
development are needed to identify technologies, materials, methods, and
equipment that are cost effective and do not adversely affect the quality of
services provided to individuals with prosthetic and orthotic needs.
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Abstract
Body-powered prostheses remain the most commonly prescribed category of
upper limb prosthesis. A range of terminal devices, including both hooks and
hands, are commercially available, along with a number of different wrist,
elbow, and shoulder joints. A comprehensive understanding of the various
features, benefits, and limitations of these component options will allow the
rehabilitation team to match their detailed prosthetic recommendations to
the needs and preferences of the individual user.
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Introduction
Body-powered prostheses are the most commonly prescribed upper limb
prostheses for individuals with amputations and limb differences. They
have been used for centuries and remain popular among clinicians and
users. In contrast to externally powered prostheses, which draw power
from an external, nonanatomic source such as a battery to drive the motors
of prosthetic components, body-powered prostheses use gross body
movements to operate the prosthetic components. These motions increase
the distance between two points on the body, and this linear increase is
referred to as excursion. The excursion is captured with a harness and
transmitted through a cable system to cause movement of the hand, hook,

wrist, or elbow. For this reason, body-powered prostheses are sometimes
referred to as cable-driven prostheses. Different components require
various amounts of excursion to open, close, or otherwise operate.
Body-powered designs have remained popular over the years because
they offer many advantages over other systems. They are low cost,
lightweight, and reliable. Many users prefer their mechanical simplicity
and predictable response. Because the user can feel the cable tension and
force during operation, body-powered systems offer a level of
proprioception not generally available with externally powered prostheses.
These benefits, combined with the fine prehension offered by hooks, result
in an extremely functional device for everyday tasks. Body-powered
systems also are suitable for heavy-duty activities and for use in dirty, wet,
and corrosive environments.
Body-powered prostheses also have many disadvantages. Some
methods of operating cable-controlled systems require substantial force
and effort. Some harnessing approaches used to anchor the control cable
can compress the axilla on the contralateral side, which can be
uncomfortable and may lead to nerve compression over time. Individuals
with a high-level limb absence usually find it difficult to generate the
excursion and power necessary to operate a body-powered hand and
elbow. Similarly, shorter limbs have reduced lever arms and smaller areas
over which forces can be distributed, potentially resulting in difficulty
generating the necessary operating power or creating discomfort from the
extreme forces on the limb.
Despite these challenges, and even in the presence of advancing
externally powered technologies, body-powered designs maintain an
important place in the prescription of upper limb prostheses. A recent
survey of clinicians reported that those with the most experience in upper
limb prosthetics were less likely to believe body-powered prostheses were
outdated.1

Terminal Devices
The terminal device is the most distal component of an upper limb
prosthesis and is designed to replace the functions of the human hand.
Terminal devices are available in many shapes, sizes, and designs, each
with its own benefits, drawbacks, and specific uses. Passive terminal
devices are static, whereas active terminal devices have some type of

grasping capability.

Passive Prostheses
The terms passive and cosmetic are often used interchangeably, but they
do not have the same meaning. The term passive is a functional description
that indicates the terminal device or prosthesis does not have an actively
controlled grasping capability. Cosmetic is a visual and aesthetic
description indicating the terminal device or prosthesis is visually
appealing or lifelike. A passive prosthesis may or may not be cosmetically
appealing depending on its design and purpose. A prosthesis also may
contain passive and active elements (for example, a body-powered
terminal device with a passive elbow or shoulder).

Figure 1

Photograph of an adult Standard Passive Hand.
(Courtesy of Hosmer, Chattanooga, TN.)

Passive terminal devices include hands, mitts, and devices designed
specifically for sports, recreation, or vocation. Specially shaped devices
that facilitate targeted activities, such as swimming, playing baseball, or
holding a nail, are included in this category because they do not have an
active, cable-controlled grasp. Passive terminal devices are lightweight and
typically do not require a harness; however, a harness may be needed in
high-level amputations.
Passive hands are available in various sizes, shapes, and configurations
(Figures 1, 2, and 3). Many passive hands have bendable or spring-loaded
fingers that provide a static grasp when positioned appropriately by the
contralateral hand. In some cases, the prosthetist can adjust the force
required to open the hand to meet the needs of the patient. The natural
appearance, lightweight design, and minimal (or no) harness is appealing
to many patients (Figures 1 and 2). Most passive hands position the thumb
and fingers in opposition, but other designs are available (Figure 3).

Figure 2

Photograph of a Heavy Duty Rubber Hand. This

hand was originally designed for use with motorcycles and
bicycles. Oriented in opposition, the thumb releases the handle
bar in the event of a fall or crash. (Courtesy of RSL Steeper,
Leeds, England.)

Despite lacking an active grasp, passive hands and other cosmetic
prostheses can perform many important functions. Patients may use them
to support and stabilize objects and to restore some bimanual activities.
Utensils, tools, and grooming instruments can be wedged between the
fingers and used effectively. The functional extension of the residual limb
to anatomic length allows the patient to use the prosthesis to push, pull,
carry, hold, and balance objects more easily. One study reported that, for
nonmanipulative actions, passive prostheses were used functionally during
everyday tasks as frequently as those with an active grasp.2

Figure 3

Photograph of the Steeplon Hand with static,
curved fingers and the passive thumb in radial abduction to
allow lateral or key grip. This hand is also available with hinged
wooden fingers. (Courtesy of RSL Steeper, Leeds, England.)

Active Prehensor Devices
The two primary characteristics to consider when choosing a terminal
device with active prehension are the mode of operation and the shape of
the device. Body-powered systems have a voluntary-opening (VO) or
voluntary-closing (VC) mode of operation or control strategy. These
designations refer to the resting state of the terminal device and whether it
opens or closes when the user pulls on the control cable.
VO terminal devices are closed at rest, and pulling on the control cable
opens the device. Grip strength is a product of the force generated by the

rubber bands or springs holding the terminal device closed and remains
constant unless the device is held open and modulated by the user. In
contrast, VC terminal devices are naturally open at rest and are pulled
closed by the control cable. Grip strength is determined by the amount of
tension the user exerts on the control cable, which allows continuously
variable grip strength.
Both strategies have advantages and disadvantages. The grip strength
of VO terminal devices must be configured to provide the strongest grasp
that the user needs and can repeatedly generate through the harness and
control cable. This factor has important implications because every time
users open the terminal device they must overcome the full grip strength of
the device irrespective of the strength needed for a given task. In addition,
when handling delicate objects, users must maintain appropriate tension on
the cable to prevent crushing the object within its grasp. These related
requirements can lead to fatigue, muscle strain, and compression of the
contralateral axilla.
Higher pinch forces can be achieved in VC systems, because they are
not limited by rubber bands or springs. The pinch force can be light or
strong because it is determined by the user rather than the mechanical
design. In addition, the graded prehension in proportion to applied effort
may offer greater proprioception than other control mechanisms.
Manipulation of delicate items often requires less overall work because the
user needs only to maintain sufficient tension to hold an object and can
relax the tension without fear of crushing it.
If the VC terminal device does not contain an associated locking
mechanism, the user must apply continuous cable tension to maintain
grasp. Although this process is normal physiologically, some patients find
this requirement objectionable and prefer other terminal devices. This
drawback can be addressed with a system such as the Sure-Lok Voluntary
Closing Locking Mechanism (TRS). A small switch on the forearm of the
unit clamps down on the cable and holds the terminal device in the desired
prehensile position (Figure 4).
Although overall power requirements for VC systems may be lower,
excursion requirements are greater because, whereas VO systems can be
opened only part way with minimal excursion and still be useful for many
activities, VC systems require full excursion to closely approximate the
opposing grip surfaces in a similar manner. Therefore, care should be
taken when prescribing VC systems for patients with more proximal

amputations who desire active elbow control. The harness design also
must conserve as much excursion as possible. Acceptance for VC terminal
devices has been greatest in children and individuals with unilateral
transradial amputation, particularly those with long residual limbs.
Members of the rehabilitation team should understand that the choice
between a VO and a VC terminal device is not merely a selection of device
characteristics. Rather, it will affect the entire mode of operation of the
prosthesis across all of the user’s activities.
VO Hooks
The original split-hook design was created in 1912 by David W. Dorrance,
an upper limb amputee, to provide active prehension as opposed to the
then-traditional, passive C-shaped pirate hook. The split-hook design has
two fingers or tines that meet side by side and hold objects between them.
VO hooks vary in construction materials, size, configuration, coating
options, and tension mechanisms. An extensive variety of VO hook is
available (Figure 5). Although VO hooks were originally made of
stainless steel, aluminum hooks have become increasingly common
because of their reduced weight and are sufficient for most users. For
individuals who require a more durable material than aluminum but find
steel too heavy, titanium constructs are available. As material technology
and manufacturing improve, hooks are becoming available in composite
materials that are lightweight and resistant to corrosion (Figure 6).

Figure 4

Photograph of the Sure-Lok Voluntary Closing
Locking Mechanism. (Courtesy of TRS, Boulder, CO.)

Hooks are available in a range of infant to adult sizes. The most
common shape is the canted design, which allows users to roll objects into
their grasp with good visibility, but this design is less suited to picking up

very small objects such as pins (Figure 5, A). An alternative style has a
symmetric, rounded interior with lyre-shaped fingers, which are better
suited for grasping cylindric objects and picking up small items; however,
it can partially obstruct the user’s ability to see what they are manipulating
from some angles (Figure 5, B). Because most amputees find the canted
approach satisfactory, the lyre shape tends to be more commonly
prescribed for individuals with bilateral upper limb amputations for use on
the nondominant side to provide an alternative prehension pattern
optimized for cylindric objects. The combination of one canted hook and
one lyre-shaped hook offers the individual with bilateral upper limb loss
the ability to grasp objects with different shapes.
A variation on the canted design is the farmer’s hook, characterized by
a wider opening than other hooks to facilitate holding shovel handles and
similar objects (Figure 7, A). This type of heavy-duty, stainless steel hook
is commonly prescribed as a terminal device for adult men who perform
manual labor. The specialized fingers have several subtle contours that
facilitate holding, grasping, and carrying objects such as buckets, chisels,
knives, and carpentry tools. This design is also available with a back-lock
feature, which allows the hook to be opened only by a cable pull; the
fingers cannot be pried apart. This feature prevents the hook from opening
inadvertently when grasping or lifting a heavy load and ensures that the
hook remains closed without additional effort from the user (Figure 7, B).

Figure 5

Photographs show voluntary-opening hooks. A, An
example of the most commonly prescribed design of a split
hook is the aluminum Model 5XA Hook (Hosmer) with canted
and nitrile-lined fingers. B, The Model 555 Hook with lyreshaped, nitrile-lined fingers. C, The Model 5 Hook, a stainless
steel hook with canted fingers and no lining. D, The CableActivated Hook (left) and All-Purpose Hook (right) show two
types of spring tension closures. (Panel B and C courtesy of

Hosmer, Austin, TX, and panel D courtesy of Ottobock, Austin,
TX.)

Figure 6

Photographs of hooks made of composite
materials. A, The Vari-Grip Prehensor with composite
construction and a variable tension knob. B, The Retro Classic
Hook with corrosion-resistant finish and spring closure.
(Courtesy of ToughWare Prosthetics, Westminster, CO.)

Variation also exists in the gripping surfaces of VO hooks. The most
common is a replaceable nitrile coating that lines the inner surface of the
hook to increase the tackiness and compressibility of the gripping area
(Figure 5, A). Pediatric hooks can be coated with a polyvinyl chloride
plastic or covered with removable rubber sheaths to protect the user and
the environment from incidental abrasions that occur from rubbing against
the hook (Figure 8). In some instances, users prefer uncoated hooks
because the gripping surface is less prone to degradation over time (Figure
5, C).
The most common means of creating hook tension is with rubber
bands (Figure 5, A, B, and C), although some hooks use springs (Figures
5, D and 6, B). It is generally accepted that one rubber band creates
approximately 1.5 lb of grip force. The application of additional or
replacement rubber bands is somewhat difficult and is facilitated by a
specialty tool; many patients defer this procedure to their treating
prosthetist. Tremendous variability exists in the amount of hook tension
preferred by an individual user. The desire for increased grip strength must
be balanced by the realization that, in VO designs, a patient must
overcome his or her maximum grip strength every time the hook is
opened, regardless of the grip strength required for the task.
Alternatively, several variations of adjustable-tension VO hooks are

commercially available. Two-load hooks allow the user to choose between
two prehensile strengths by positioning a switch at the base of the hook
(Figure 9). In a related strategy, the Retro Classic Hook (ToughWare
Prosthetics) and the Vari-Pinch Prehensor (V2P; ToughWare Prosthetics;
Figure 6) allow the user to choose among several prehensile strengths by
sliding a knob on the underside of the device. In addition to this
mechanical adjustment, the Vari-Pinch Prehensor allows the user to
exchange elastic bands to further modulate the available grip strength. As
in two-load hook designs, these features allow users to maintain a low
cable tension when a reduced pinch force is sufficient, with the ability to
raise this force when necessary.
Most hooks have a cable attachment for a ball terminal, but some have
a ring for tying a nylon cord or a Spectra Cable (Allied-Signal) (Figures 5,
A and 8, B).
VC Hooks
The Grip 3 and Adept series (TRS) of terminal devices are unique
prehensors available for adults and children in aluminum, steel, and
titanium versions with or without a urethane coating. They feature multiple
cylindric gripping surfaces within the fingers for gross grasping. Fine
prehension is provided by the finger tips (Figure 10). Patient acceptance
has been highest among children and sports-minded adults whose primary
concern is function.
The Army Prosthetic Research Laboratory (APRL) Hook (Hosmer) is
a split hook with lyre-shaped, replaceable aluminum fingers (Figure 11).
An internal locking mechanism automatically engages when closed around
an object and cable tension is removed. To unlock the grasp and open the
hook, the user must apply a pull force greater than was used to close it.
The inherent problem with this design is that a user holding a delicate
object or another person’s hand must close the hook slightly further to
release the grasp. If the user already had a firm grip, he or she may damage
a delicate object or hurt the other person. The user can choose between two
possible opening ranges of 0 to 1.375 inches (3.49 cm) or 0 to 3 inches
(7.62 cm) by flipping a small switch on the base of the unit. A smaller
range permits faster grasp and release and requires less excursion to fully
close. Unfortunately, the mechanical complexity of this device makes it
costly to manufacture and prone to breakdown.

Hands
Although several body-powered hands are available, few are used as active
terminal devices. These hands have many drawbacks, including frictional
loss of force, glove restriction of motion, limited pinch force, and contours
that block visual inspection. These factors substantially limit their
usefulness for tasks requiring grasp and release.

Figure 7

Photographs of farmer’s hook terminal devices. A,
The Model 7 Work Hook (left) and the Model 7LO Work Hook
(right). B, The Model 6 Work Hook with backlock feature.
(Courtesy of Hosmer, Chattanooga, TN.)

Figure 8

Photographs show pediatric vinyl-coated hooks. A,
The Model 12P Hook (Hosmer), a pediatric size hook coated
with a polyvinyl chloride plastic coating. This hook is also
available in smaller (Model 10P) and larger (Model 99P) sizes.
B, A pediatric hook with removable rubber sleeves and a tie
connection. (Part B courtesy of RSL Steeper, Leeds, England.)

Many individuals with recent loss of an upper limb desire an
interchangeable hand for social occasions in addition to a utility hook for
general use; this request is the most common indication for prescribing a
body-powered hand. Hooks require a longer cable length than hands
because of their different attachment points, so a user intending to
interchange the two must be provided with a hook-to-hand adapter cable
that extends the control cable for hook use.

Figure 9

Photograph of the Sierra 2-Load Voluntary
Opening Hook. (Courtesy of Hosmer, Chattanooga, TN.)

Figure 10

Photograph of the voluntary-closing Grip 3
Prehensor. (Courtesy of TRS, Boulder, CO.)

Body-powered hands are rarely appropriate for those with bilateral
upper limb loss because of their functional limitations. Externally powered
hands offer far greater pinch force and improved grasp-release function
and are preferable when maximum prosthetic hand function is required.
Most cable-operated hands have the thumb and the first two fingers
moving in a three-jaw chuck prehension pattern (Figure 12, A). Often, the
metal structure of the three fingers is covered by a plastic hand shell
(Figure 12, B). These first three fingers open and close the hand shell, and
the fourth and fifth fingers move passively with the others. Some designs
have a solid outer layer with three to five moving digits when the hand
opens and closes (Figure 12, C).

Figure 11

Photograph of the Army Prosthetic Research
Laboratory (APRL) Voluntary Closing Hook (Courtesy of
Hosmer, Boulder, CO.)

Figure 12

Photographs of cable-operated hands. A, An
example of a three-jaw chuck internal hand mechanism. B, A
three-jaw chuck body-powered hand with palmar cable exit. C,
A pediatric cable-operated hand with five moving fingers and
dorsal cable exit. (Courtesy of RSL Steeper, Leeds, England.)

Body-powered hands are heavier, less versatile for handling objects,
and block the user from seeing the object during manipulation. They
cannot fit into pockets or grasp buttons and zippers. The three-jaw chuck
grip pattern positions the thumb to line up between the first two fingers,
but is not directly opposed to either one. This makes it much more difficult
to pick up small objects because the thumb and first finger do not meet to
form a stable pinch surface.
Body-powered hands are less efficient than hooks because of frictional
energy losses in the hand mechanism, so an equivalent amount of input
force results in a lower output pinch force. As a result, both VO and VC
hands require more power to operate than VO or VC hooks. A few studies
have compared activation forces and efficiency and found that hooks
outperform hands in most measures.3,4 Most VO hooks obtain a pinch
force of more than 20 N, with the ability to generate a greater force with
the addition of rubber bands. None of the hands achieved a grip force
greater than 18 N, and most forces were less than 15 N. The gloves used to
cover the hands further increase the effort required for operation.3 VC
hands were also found to be inefficient, because the substantial frictional
losses during hand operation require increased activation force and work
by the user.4

Figure 13

Photograph of the Sierra Voluntary Opening Hand
with a rigid exterior. The first and second fingers move in a
three-jaw chuck pattern with an automatic back lock and a twoposition stationary thumb. (Courtesy of Hosmer, Chattanooga,
TN.)

Hands are sized by the circumference of the palm. Smaller hands have
a smaller maximum opening width, and fewer objects can be grasped. The
control cables can exit on the palmar (Figure 12, B) or dorsal (Figure 12,
C) aspect of the hand. Some hands allow the cable to be rerouted through
the threaded stud and interior of the socket, resulting in a more cosmetic
prosthesis; however, this method of routing eliminates the ability to
interchange the hand with a hook.

Figure 14

Photograph of the Dorrance Mechanical Hand,
with a thumb that moves away from the other two fingers when
opening to create a wider opening width. (Courtesy of Hosmer,
Chattanooga, TN.)

VO Hands
Several manufacturers offer VO hands with standard internal aluminum or
nylon frames covered by a soft plastic shell. In some models, the pinch
force is adjustable. Some are also available with automatic back-locking
mechanisms that lock the fingers in the closed position to prevent
inadvertent opening. Alternatively, hands may be constructed with a hard,
solid exterior. Thumbs that move away from the other fingers, either
during opening or by virtue of a wider, stationary position, allow for a
greater opening width (Figures 13 and 14). Some designs feature fingers

comprised of coiled springs in a bent resting position. Pulling on the cable
control straightens the springs and causes all five fingers to open (Figure
15). Relaxing cable tension allows the fingers to close in cylindrical
prehension.

Figure 15

Photograph of the Lock Grip Voluntary Opening
Hand (Hosmer) with coiled- spring fingers and automatic back
lock to prevent inadvertent opening.

VC Hands
VC hands theoretically offer the same advantage of graded prehension as
hooks, but the frictional losses in the mechanism are much greater. As a
result, the user must exert more effort to close the hand and much of the
control is lost. As with all cable-driven hands, the thick fingers block
visual feedback at the fingertips, and the cosmetic glove further impedes
motion. To compensate for the increased force required for closing, some

VC hands have a locking mechanism to maintain grasp after closure. After
the user releases tension, a second cable-pull releases the lock and the
hand opens. Several manufacturers offer VC hands with the familiar threejaw chuck grip pattern.
The APRL hand, like the hook, features the same back-locking
mechanism that automatically engages to prevent opening when cable
tension is released. It also shares the same disadvantage of requiring
increased grip force before the fingers will release. Like the Sierra
Voluntary Opening Hand (Hosmer; Figure 13), it has a two-position
thumb for opposition to the first two fingers or to create a wider opening
width (Figure 16). Pushing the thumb inward toward the palm from its
open position secures the thumb in the closed position. Slightly pushing it
in again will release the lock, and the thumb will spring into the open
position. The thumb of the APRL hand can be detached and used as a twoposition opposition post in partial hand prostheses.

Figure 16

Photograph of the Army Prosthetic Research
Laboratory (APRL) Voluntary Closing Hand (Hosmer) with the
fingers closed and the thumb in the open position.

Cosmetic Gloves
A cosmetic glove protects the hand mechanism from contamination and
provides the external appearance of the prosthesis. It is applied over the
shell of a passive or mechanical hand and must be replaced at regular
intervals when it deteriorates from wear. Prefabricated or custom-made
gloves are available and vary in material, thickness, appearance, and detail.

Figure 17

Photograph shows prefabricated gloves. A,
Several female prefabricated gloves in different skin tones are
shown. (Panel A courtesy of Ottobock, Austin, TX.) B, The
Regal, a male, high-definition prefabricated glove, is shown.
(Panel B courtesy of RSL Steeper, Leeds, England.)

Prefabricated gloves are the least costly and most commonly
prescribed covering. The glove is chosen based on hand size, and the
approximate skin tone is matched to the patient from color swatches
available from each manufacturer. Gloves are available in generic male,
female, adolescent, and child contours across a range of skin tones (Figure
17, A). Male and female gloves of the same size differ in nail, hair, and
vein appearance.
Prefabricated, off-the-shelf gloves have improved in quality in recent
years. Most are now made of silicone instead of easily stained polyvinyl
chloride and are available with more sophisticated color depth and realistic
skin texture. Some product lines have a wider selection of skin tones, with

optional artistic painting of hair and fingernail details that add more
customization and realism (Figure 17, B). Some manufacturers offer
gloves in longer lengths that extend to the elbow. When used with an
internal cable hand, these gloves can offer improved cosmesis, but they
restrict full pronation and supination unless cut and separated at the wrist.
Gloves from different manufacturers are often not compatible with
hands made by other manufacturers, even when the hand size is technically
the same. Differences in finger shape, orientation, and length result in
extra material in the palm, web space, or fingertips. This allows movement
of the glove over the hand shell and creates wrinkling in the palm or
sponginess at the fingertips, which can further impede hand function.
Custom-made gloves offer the most natural appearance. They are hand
made from a sculptured reverse copy of the remaining hand. Skin tones
and color may be matched in person or by using a calibrated photo of the
noninvolved side. Hairs and other details are applied individually or
painted on.

Wrists
The purpose of the wrist unit is to attach the terminal device to the
prosthesis and allow appropriate positioning for activities. Wrist units
primarily facilitate pronation and supination, but some permit flexion,
extension, or other movements.
The patient must have a full range of wrist rotation so the terminal
device can be positioned in the most functional orientation for specific
tasks. The degree of voluntary pronation and supination the amputee can
produce depends on the preserved anatomy and length of the residual limb
and how well its movements are transmitted to the terminal device. When
an amputation occurs through the proximal half of the forearm, little or no
voluntary pronation or supination can be captured by the socket. In the
case of longer limbs, an ill-fitting socket that allows the limb to rotate
inside it will not effectively translate anatomic motion into usable motion
of the prosthesis. Self-suspending, supracondylar socket designs can also
restrict rotation because the epicondyles lock the socket in a certain
orientation. Amputees usually compensate for the loss of range of motion
by adjusting their body position, often through shoulder movement.
Terminal devices are connected to the wrist unit by one of two
mechanisms. The most common is a threaded stud that extends from the

base of the terminal device and screws into the prosthetic wrist. European
manufacturers sometimes use a baseplate mechanism with a plunger that
inserts into the wrist unit and is held in place by a variety of mechanisms.
Some terminal devices and wrist units are available with either option, but
the two mechanisms are not compatible with each other.
Some wrist types are available in round and oval shapes. Oval shapes
provide a smoother transition to the socket for long transradial amputation
levels (Figure 18). If used with a prosthetic hand with an oval base, there
will be a smooth, even contour to the prosthesis when it is in neutral
rotation. When the hand is rotated into pronation or supination, however, a
noticeable prominence will be seen at the wrist because the geometries are
no longer congruent. Many hands have a round base to align with the more
common round wrists; these hands have irregular contours when used with
oval wrists.

Figure 18

Photograph of an oval quick-disconnect wrist unit.
(Courtesy of Hosmer, Chattanooga, TN.)

Friction Wrists
The simplest wrist units use friction to hold the terminal device in place.
The user manually positions the terminal device wherever he or she prefers
along the 360° rotational axis. A set screw or spacer washers are adjusted
so that sufficient friction is applied to prevent rotation of the terminal
device under encountered loads, but manual rotation of the device is still
possible with the uninvolved hand. Bilateral amputees may pre-position
such friction wrists by striking one terminal device against the other or by

gripping a stable object such as a table edge and rotating the device into
the desired position. Friction wrist units are available in aluminum or
stainless steel in a full range of infant, child, and adult sizes. Variable
friction wrist units are durable and economical but, by nature of their
simple design, do not provide a consistent resistance to rotation. Friction is
generated by a rubber washer that compresses and applies increasing
resistance to rotation as the terminal device is screwed in. Progressively
less resistance is applied as the terminal device is unscrewed from the
wrist unit and as the mechanism wears out (Figure 19).

Figure 19

A, Illustration of the Economy Wrist, which has a
variable friction mechanism that uses compression on inner
rubber washers to provide friction and resistance to rotation. B,
Photograph of the Economy Wrist. This device also is available
with metal extensions to facilitate use in trial prostheses or for
socket lamination for extra strength. (Courtesy of Hosmer,
Chattanooga, TN.)

Constant-Friction Wrists
Constant-friction wrist units generally are preferred because they provide
constant friction throughout their range of rotation (Figure 20). Most units
of this type use a recessed, nylon-threaded opening that is machined to
accept the threaded posts of standard terminal devices. Turning a small, set
screw in the body of the wrist causes the nylon thread to be tightened
evenly against the stud of the terminal device, thus creating constant
friction. When the threads wear out, the insert can be replaced to restore
function. Designs that use a mechanical wedge to apply pressure to the
terminal device stud tend to resist wear and thermal breakdown better than
nylon inserts (Figure 21). Constant-friction wrist units are available in
several styles, round and oval configurations, and in a range of sizes.
Although low-profile friction wrists are available for longer residual limbs,
the standard length of the threaded stud on the terminal device may need to
be shortened to facilitate their use.

Figure 20

A, Illustration of a Hosmer constant-friction wrist
mechanism. A clamp assembly tightens evenly around the
mechanism that receives the threaded stud of the terminal
device, providing constant friction that can be adjusted with a
set screw. B, Photograph of a round WE Friction Wrist

(Hosmer), which also is available in an oval shape. C,
Photograph of a Delrin Wrist (Panel C courtesy of RSL Steeper,
Leeds, England.)

Figure 21

Photograph of the WedgeGrip Wrist. This
constant-friction wrist uses a metal wedge that is resistant to
breakdown. (Courtesy of Hosmer, Chattanooga, TN.)

Figure 22

Photograph of a constant-friction wrist unit.
(Courtesy of RSL Steeper, Leeds, England.)

In a unique approach, one type of constant-friction wrist allows the
user to manually adjust the degree of friction by simply rotating the
exterior housing to regulate the pressure on the friction mechanism around
the end of the terminal device (Figure 22).
Because friction wrist units do not lock, they may present difficulties
for users who engage in work or avocational activities that exert high
rotational loads on the terminal device. Friction joints of all kinds can be
difficult to keep in proper adjustment and tend to permit unwanted rotation
when subjected to very high torsional loading.

Quick-Disconnect Wrists
Quick-disconnect wrists are named for their ability to facilitate rapid
exchange of different terminal devices. However, even if this function is
not necessary, they are often used because they can freely rotate for
positioning and lockdown in the desired degree of supination or pronation.
More locking positions allow a more precise positioning of the terminal
device.
The most common design consists of an adapter that is screwed onto
the base of each terminal device and inserted into the prosthetic wrist until
it engages against an initial stop. This first, unlocked position permits free
rotation and positioning but prevents the terminal device from falling out
of the wrist unit. An additional axial force into the wrist activates a geared
mechanism that securely locks the terminal device in the desired
orientation. Pressing a lever releases the adapter to the unlocked position
that allows free rotation. A heavier pressure ejects the adapter and terminal
device from the wrist (Figure 23).

Figure 23

Photographs show the FM Quick Change Wrist
(right) with an adapter (left) (Hosmer).

Figure 24

Photographs of a ring-type quick-change wrist
(right) with an adapter (left). (Courtesy of Hosmer,
Chattanooga, TN.)

An alternative ring-type quick-change wrist uses a similar adapter, but
the locking mechanism is operated by rotating the outer housing (Figure
24). Turning the ring in one direction unlocks and releases the terminal
device from the wrist. Rotating it the other direction locks the terminal
device in place. This mechanism is slightly less durable than the button
type, and it is very difficult for bilateral users to operate.
Other quick-disconnect designs use a baseplate and plunger rather than
a screw-on adapter. These wrists use a different locking mechanism in
which a combination of ball bearings and a snap blade fit into holes or
detents in the baseplate of the terminal device (Figure 25).
Friction disconnect wrists combine a user-adjustable, constant-friction

mechanism with the free-rotation quick-disconnect feature (Figure 26).
These units benefit users who like adjustable friction but need easy
interchange of terminal devices.

Rotational Wrists
Rotational wrists facilitate hands-free positioning of the terminal device
(Figure 27). Pressing a lever releases a lock and causes spring-loaded
pronation. If the lever is held down, the wrist remains in free rotation, and
a cable pull will supinate the terminal device to the desired position.
Releasing the lever locks the wrist in 1 of 18 locking positions.

Figure 25

Photograph of a heavy duty wrist unit (referred to
as the Zed Rotary) that uses a baseplate and plunger-design
quick-disconnect mechanism. (Courtesy of RSL Steeper,
Leeds, England.)

Figure 26

Photograph of the Friction Disconnect Wrist.
(Courtesy of Hosmer, Chattanooga, TN.)

Figure 27

Photograph of the Rotational Wrist. (Courtesy of
Hosmer, Chattanooga, TN.)

Figure 28

Photograph of the FW Flexion Friction Wrist.
(Courtesy of Hosmer, Chattanooga, TN.)

Flexion Units
Wrist flexion is particularly useful for activities at the midline, such as
toileting, eating, shaving, and dressing. For many users, such activities are
usually performed more easily with the unaffected hand than with a
prosthesis. The prosthetic forearm can also be biased radially (preflexed)
and toward the midline (canted) to reduce or eliminate the need for a wrist
with full flexion capability. For these reasons, flexion wrists were not
traditionally prescribed for the unilateral amputee unless a restricted range
of motion is present in the more proximal joints or on the contralateral
side. However, some studies suggest that wrist flexion can improve
performance, speed, and ease of use of the prosthesis for those without
additional pathologies.5-7
Restoring wrist flexion is essential for individuals with a bilateral
upper limb amputation who perform all daily functions with prostheses.
Because the mechanism adds weight at the distal end of the prosthesis, it is
sometimes prescribed only for the dominant side. Flexion units are fully
functional only with hooks, because the edges of the hand base will hit the
wrist unit and impede movement.

Figure 29

Photographs of the Sierra Wrist Flex Unit. A, The
unit attaches to another wrist with a threaded stud. B, A
pediatric version of the Sierra Wrist Flex Unit. (Courtesy of
Hosmer, Chattanooga, TN.)

Figure 30

Photograph of the MovoWrist Flex. (Courtesy of
Ottobock, Austin, TX.)

The Flexion Friction Wrist (Hosmer) contains a constant-friction

mechanism for rotation inside a button-activated flexion hinge that permits
manual pre-positioning of the hook in neutral, 30°, or 50° of volar flexion
(Figure 28). The Sierra Wrist Flexion Unit (Hosmer) is a dome-shaped
device with similar locking flexion positions (Figure 29). Rotation with
this unit occurs only if it is installed distally to another wrist unit, such as a
friction or quick-disconnect unit. The entire unit rotates where it mounts to
the second wrist, allowing the terminal device to be flexed in any direction
around the 360° axis and to cover a wider work envelope than the first
alternative. This can be advantageous for the bilateral amputee struggling
to perform midline activities; however, the added weight and length from
having two wrist units limit its applications. The MovoWrist Flex
(Ottobock) combines locking rotation with locking wrist flexion and
extension in a much lower-profile construct (Figure 30).

Figure 31

Photograph of the Robo-Wrist. This ball-andsocket wrist has quick-disconnect and locking capabilities.
(Courtesy of Medical Bionics, Alberta, Canada.)

Most ball-and-socket joints offer infinite positioning in any direction,
but are held in place only by friction. They do not lock, which poses a
problem for a user engaging in more than just light duties. They are used
most often in endoskeletal systems. An exception is found in the RoboWrist (Medical Bionics), an innovative locking ball-and-socket joint with a
quick disconnect capability (Figure 31). The unique locking mechanism
enables hundreds of positions in varying degrees of rotation, flexion, and

extension, along with radial and ulnar deviation up to 43° from the center
in any direction.

Multifunction Wrists
The N-Abler V wrist unit (Texas Assistive Devices) combines the largest
number of wrist functions. The unit is a five-function wrist combining
spring-loaded pronation; cable-controlled supination; lever-activated
flexion in 0°, 30°, or 50°; rotational locking; and a quick-disconnect
mechanism (Figure 32, A). The N-Abler II (Texas Assistive Devices) uses
a ring-type quick-disconnect mechanism for locking rotation and a knob
for precise, incremental adjustment of flexion and extension (Figure 32,
B).
Ultimately, the purpose of the wrist unit is to allow the user to position
the terminal device in an orientation that maximizes assistance to the other
hand when performing bimanual activities. Differences in a patient’s
anatomy, limb length, range of motion, comorbidities, and activities will
influence wrist unit recommendations; such individual factors should be of
primary consideration in prosthetic prescription.

Hinges for Transradial Prostheses
Flexible Hinges
Amputation through the distal third of the forearm usually preserves a
limited amount of physiologic supination and pronation. Flexible hinges
permit active use of this residual forearm rotation, thereby reducing the
need for manual pre-positioning of the terminal device (Figure 33).
Although flexible hinges of metal cable or leather are commercially
available, custom-made flexible hinges made of polyethylene terephthalate
webbing are most commonly used. They are attached proximally to the
triceps pad and distally to the prosthetic forearm. Hinges of the proper
length keep the socket secured onto the limb when the elbow is flexed and
prevent distal migration. Flexible hinges should permit at least 50% of the
anatomic residual pronation and supination.

Figure 32

Photographs of devices in the N-Abler wrist
series. A, The N-Abler V unit is a five-function wrist. B, The NAbler II and accessories available for use alone or as distal
attachments to the N-Abler V or another wrist unit. (Courtesy of
Texas Assistive Devices, Brazoria, TX).

Figure 33

Photograph of hinges made of flexible
polyethylene terephthalate on a transradial prosthesis.
(Courtesy of Jim Skardoutos, C-Fab.)

Rigid Hinges
An advantage of rigid hinges is their ability to stabilize the elbow and
prevent rotation of the prosthesis during heavy loading. Because the
forearm segment cannot rotate, the patient cannot use voluntary pronation
and supination and must manually preposition the terminal device with a
wrist mechanism. However, amputations at or above the level of the
midforearm effectively eliminate the possibility of transmitting active
supination or pronation to the terminal device, and the addition of rigid
hinges would not substantially detract from the available range of motion.
Rigid hinges add width at the elbow, and this added bulk often is visible in
the lamination or through clothing.

Single-Axis Hinges
Single-axis hinges are designed to provide axial and rotational stability
between the prosthetic socket and the residual forearm during active
prosthetic use (Figure 34). Correctly aligned single-axis hinges should not
restrict the normal flexion-extension range of motion of the anatomic
elbow joint. The joints should be set in a modest amount of preflexion to
load the stops of the joint when carrying heavy objects. This setting helps
unweight the shorter residual limb and prevents hyperextension.

Figure 34

Photographs of single-axis hinges. A, A singleaxis hinge provides axial and rotational stability between the
prosthetic socket and the residual forearm. B, A transradial
prosthesis with a single-axis hinge. (Courtesy of Jim
Skardoutos, C-Fab)

Figure 35

A, Photographs of Hosmer polycentric hinges (A)
and the hinges installed on a transradial prosthesis (B).
(Courtesy of Jim Skardoutos, C-Fab.)

Polycentric Hinges
Short transradial limbs require that the anterior proximal trim line of the
prosthetic socket be positioned close to the elbow joint for stability. The
high anterior socket wall can restrict full elbow flexion resulting from the
bunching of soft tissues in the antecubital region. Polycentric hinges
reduce the tendency for bunching of the soft tissues by providing more
room in the cubital area as the elbow is flexed, thereby increasing the
potential range of motion at this joint (Figure 35).
Step-up Hinges
Shorter amputation levels, immediately distal to the elbow joint, require a
prosthetic socket with extremely high trim lines to provide adequate
stability. Consequently, flexion of the anatomic elbow in the prosthesis is
often restricted to 90° or less. If full range of elbow flexion is essential,
step-up hinges may be used to overcome this limitation.
Step-up hinges require separation of the prosthetic forearm and socket,
creating a split-socket prosthesis (Figure 36). Step-up hinges amplify the
excursion of anatomic elbow joint motion by a ratio of approximately 2 to
1, such that 60° of anatomic elbow flexion causes the prosthetic forearm

(and the terminal device) to move through a range of approximately 120°.
This mechanism requires the user to exert twice as much force to flex the
forearm. There are two types of step-up hinges: sliding action and geared
joints. The sliding action step-up hinges have a variable amount of flexion
amplification depending on the position of the joint. At midrange, where
most use occurs, the amplification is the greatest. Sliding action hinges
require a split-housing cable system. Geared step-up hinges may use a
standard Bowden cable system.
Residual Limb-Activated Locking Hinges
Amputees with the shortest transradial amputation levels often cannot
operate a conventional transradial prosthesis because of inadequate
strength, range of motion, or load bearing on the surface of the residual
limb. Residual limb-activated locking hinges (Figure 37) address this
issue by using movement of the residual limb to operate the locking
hinges.
The prosthesis is cabled and controlled as a transhumeral prosthesis,
and a split-socket design allows the short residual limb to control the hinge
lock. When unlocked, glenohumeral flexion causes forearm flexion
through a split-housing, dual-control cable system. The user locks the
forearm in place by flexing the residual limb and split socket. Extension
releases the lock and allows free swing of the elbow or positioning by the
cable system with shoulder flexion.

Units for Elbow Disarticulation and Transhumeral
Prostheses
Absence of the anatomic elbow joint requires a mechanical substitute that
permits control of flexion and extension through a range of at least 135°.
In addition, the unit must permit the user to lock and unlock the elbow at
various points throughout the 135° arc. Body-powered elbows require up
to 5 cm of cable excursion for full operation.

Outside-Locking Hinges
Outside-locking hinges are necessary for elbow disarticulation and long
transhumeral limbs that do not have sufficient space for a traditional elbow
unit (Figure 38). They are named for their position on the outside of the
humeral condyles. The lock is usually installed on the medial side and can

be controlled manually or by cable activation through shoulder movement.
Outside-locking hinges are available from several manufacturers in
standard, heavy-duty, and low-profile models and in a range of sizes.

Elbow Units
Whether or not an elbow unit can be used depends on the available
distance or clearance between the end of the residual limb and the place
where the anatomic elbow center should be located. Elbow joints vary in
their proximal clearance height, but most are approximately 1.5 to 2.0
inches (3.8 to 5.0 cm). The practitioner also must allow for the thickness of
any socket materials or suspension mechanisms and for access to the
hardware for the friction adjustment of humeral rotation. Therefore, the
guideline traditionally has been that transhumeral amputations
approximately 5 cm proximal to the elbow joint permit the use of insidelocking elbow units.

Figure 36

Photographs of sliding-action step-up hinges (A)
and the hinges installed on a split-socket transradial prosthesis
(B). (Courtesy of Jim Skardoutos, C-Fab.)

Figure 37

Photographs of locking hinges that are activated
by the residual limb (A) and the hinges installed on a splitsocket, transradial prosthesis (B). (Courtesy of Jim Skardoutos,
C-Fab.)

Friction Elbows
Friction elbows are lightweight and simple to operate but require passive
positioning of the forearm (Figure 39). For this reason, they can be
appropriate for low-impact users, pediatric applications, cosmetic
restorations, and in instances when brachial plexus injury or other factors
preclude active elbow function.
The ENER~JOINT (TRS; Figure 40) is a passive, locking
polyurethane joint that is designed to absorb shock during high-impact
activities and dampen transmission of forces through the prosthesis to
permit a more stable grip during certain activities, such as mountain biking
and operating a chainsaw or jackhammer.
Inside-Locking Elbows
Inside-locking elbow units contain the joint and locking mechanism inside
an outer shell and are installed distally to the residual limb. The elbow
locking mechanism is usually triggered by a cable or string that exits
through the anterior surface of the unit. The cable is traditionally
connected to an elastic strap that runs over the top of the shoulder, and a
small amount of excursion generated by shoulder movement locks and

unlocks the joint. These elbows vary in the number of locking positions
and range of flexion. As with all types of manual joints, more locking
positions permit more precise positioning of the terminal device. In
addition, all inside-locking units incorporate a proximal friction-held
turntable that permits manual pre-positioning of the prosthetic forearm to
substitute for the loss of active external and internal humeral rotation.

Figure 38

Photographs of outside-locking hinges. A, The
Heavy-Duty Outside Locking Hinge (Hosmer) for use on a
prosthetic device after a long transhumeral amputation or an
elbow disarticulation. B, The standard Hosmer Outside Locking
Hinge is shown installed on a transhumeral prosthesis.
(Courtesy of Jim Skardoutos, C-Fab.)

Figure 39

Photograph of the Friction Elbow joint. (Courtesy
of RSL Steeper, Leeds, England).

The E-series elbows by Hosmer are available in three sizes and a
heavy-duty version (Figure 41). The Automatic Elbow (RSL Steeper) is
similar but also has the unique ability to lock in humeral rotation in 30°
increments (Figure 42, A). The lock on the adult Manual Elbow (RSL
Steeper) is controlled manually with a sliding knob on its integrated
forearm (Figure 42, B). Ottobock also offers several elbow units with
varying features and integrated, prefabricated forearm shells that can
simplify fabrication and reduce system weight.

Figure 40

Photograph of the ENER~JOINT. This elbow joint

is designed to absorb shock during high-impact activities.
(Courtesy of TRS, Boulder, CO.)

In contrast to the fixed-locking positions of most elbow units, the
ErgoArm (Ottobock; Figure 43) features a unique mechanism that allows
locking and release in any position throughout its range of motion. It uses
the same alternating locking-unlocking activation pattern, but the friction
clutch design has an additional slip-stop function that lowers the elbow
without completely unlocking the joint. Pulling the control cable 3 to 4
mm fully locks or unlocks the elbow. Pulling the cable 1 mm slips the
clutch so that gravity gently lowers the forearm. When the forearm reaches
the desired position, the user simply relaxes the cable tension, and the
elbow immediately locks in that position. If overloaded, the elbow will
simply release instead of breaking.

Figure 41

Photograph of the E-400 Elbow, an inside locking
elbow unit. (Courtesy of Hosmer, Chattanooga, TN.)

The ErgoArm is available with or without a unique lift assist
mechanism called Automatic Forearm Balance (Ottobock). In the
ErgoArm Plus (Ottobock), the automatic forearm balance mechanism is a

spring-loaded cam mechanism mounted within the forearm that can be
adjusted to completely counterbalance the weight of the forearm-wrist
terminal device assembly during elbow flexion. This feature can
supplement the lifting power provided through a standard body-powered
cable or it can be adjusted to facilitate ballistic flexion of the unit through
gross body movements. A finger wheel on the forearm allows the user to
adjust the level of assistance as desired.

Figure 42

Photographs of prosthetic elbows. A, The
Automatic Elbow unit, optional forearm shell, and lamination
ring. B, The Manual Elbow in an adult size. This elbow locks
with a knob on the forearm. (Courtesy of RSL Steeper, Leeds,
England.)

Figure 43

Photograph of the ErgoArm. This device has a
unique mechanism that allows locking and release in any
position throughout its range of motion, as well as Automatic
Forearm Balance for assistance in lifting, and a low clearance
for longer residual limbs. (Courtesy of Ottobock, Austin, TX.)

Figure 44

Photograph shows the Hosmer flexion assistance
mechanism installed on the medial side of a left transhumeral
prosthesis.

The ErgoArm Hybrid Plus (Ottobock) features the same elbow
mechanism and Automatic Forearm Balance but has been configured for
use with externally powered components. Although elbow motion is still
controlled with a cable, internal electronics and integrated wiring allow
transmission of signals to the wrist and the terminal device. The ErgoArm
Electronic Plus (Ottobock) adds electronic control of the elbow lock
inputs, such as the electromyographic signal or switch.

Figure 45

Photograph of a shoulder bulkhead. (Courtesy of
Hosmer, Chattanooga, TN.)

Elbow Flexion Assists
Although the integrated automatic forearm balance on the ErgoArm Plus
can completely counterbalance the distal weight of the components and
provide increased assistance in flexion, a spring-lift assist can be added to
other mechanical elbows to partially counterbalance the weight of the
prosthetic forearm and reduce the force necessary for elbow flexion. Such
force reductions may permit subtle harnessing adjustments that require less
excursion. In addition, the reduced strain on the limb may reduce shear
forces between the socket and the skin.8 Although optional, elbow flexion

assistance components are prescribed routinely, particularly for use with
heavier terminal devices (Figure 44).

Figure 46

Photograph of a shoulder abduction hinge
installed on a shoulder disarticulation prosthesis. (Courtesy of
Jim Skardoutos, C-Fab.)

Figure 47

Photographs of a double-axis flexion-abduction
hinge (A) and the hinge shown installed on a shoulder
disarticulation prosthesis (B). (Panel A courtesy of Hosmer,
Chattanooga, TN. Panel B courtesy of Jim Skardoutos, C-Fab.)

Figure 48

Photograph of the MovoShoulder Swing joint.
(Courtesy of Ottobock, Austin, TX.)

Figure 49

A, Photograph of the Universal Shoulder Joint.
The abduction hinge joint is used between two wrist units, such
as friction wrists (B), which are screwed onto both threaded
studs of the hinge to provide humeral rotation and
glenohumeral flexion and extension. (Courtesy of Hosmer,
Chattanooga, TN.)

Shoulders
Currently, all available shoulder joints rely on passive and strategic prepositioning to facilitate the optimal use of other prosthetic components.
Most use occurs with the humeral segment vertical and the elbow near 90°.
Users of a unilateral prosthesis may find minimal shoulder movement
acceptable and may appreciate the weight savings from simplifying this
joint.
Shoulder joints are generally classified according to the degree of
motion allowed. The simplest design is termed a bulkhead, which consists
of a circular unit integrated vertically to provide flexion and extension in
the sagittal plane (Figure 45). Single-axis shoulder joints provide only
abduction (Figure 46), and double-axis units provide abduction and
flexion. Double-axis joints usually consist of a single-axis abduction hinge
on top of a rotating plate that provides the flexion and extension (Figure
47). One double-axis shoulder joint unlocks when abducted and locks
when adducted. The user swings his or her arm to the side to unlock the
joint, then swings it forward and adducts it to lock it in place (Figure 48).

Figure 50

Photograph of a preparatory prosthesis with an
installed SJ90 Locking Shoulder Joint (Liberating Technologies,
Holliston, MA) and manual lever lock.

Figure 51

Photograph of a nudge control unit. (Courtesy of
Hosmer, Chattanooga, TN.)

The Universal Shoulder Joint (Hosmer) allows flexion in the sagittal
plane, abduction in the coronal plane, and rotation about the humeral axis
(Figure 49). It consists of a single-axis hinge with a threaded stud and
friction wrist unit on both ends. One wrist unit is laminated into the
shoulder socket facing outward, and the other attaches to the distal end of
the shoulder unit to form the top of the humeral section. The hinge
provides abduction in the coronal plane. The top wrist unit allows flexion
and extension, and the bottom wrist unit permits humeral rotation.
The Locking Shoulder Joint (Liberating Technologies) can stabilize a
shoulder in 36 different flexion positions (Figure 50). This feature benefits
individuals who wish to use the terminal device for upper quadrant
activities such as reaching items on a high shelf. The lock can be operated

manually or by using an electrically powered switch. A second, adjustable
hinge with friction control and ratcheting mechanism provides abduction
and adduction stabilization.

Figure 52

Photographs of the International Transradial
Adjustable Limb. This device is an off-the-shelf socket and
suspension system for body-powered, transradial prostheses.
(Courtesy of ToughWare Prosthetics, Westminster, CO.)

Figure 53

Photograph of an ELF Strap on a self-suspending
transradial socket. (Courtesy of TRS, Boulder, CO.)

Other Socket Components
The nudge control unit is a paddle-shaped lever that can be pushed by the
chin or a phocomelic digit or against environmental objects to provide a
small amount of cable excursion (Figure 51). It is usually prescribed when
other body motions are not available. Although originally designed to
provide elbow locking and unlocking, it also can be adapted to operate
other components, including flexion and rotation wrist units. The power
and excursion required to operate the locking mechanism of a shoulder
joint may necessitate the modification of a nudge switch with a lever
extension.

Figure 54

Photograph of an endoskeletal transhumeral
prosthesis system. (Courtesy of RSL Steeper, Leeds, England.)

The International Transradial Adjustable Limb (ToughWare
Prosthetics) is an off-the-shelf socket and suspension system for bodypowered, transradial prostheses (Figure 52). The ELF Strap (TRS; Figure
53) is a rubberized extension designed to replace one of the functions of
the triceps cuff in self-suspending, body-powered, transradial prostheses. It
attaches to the posterior of the socket to provide an anchor point and stable
routing for the control cable.

Endoskeletal Systems

Endoskeletal upper limb prosthetic systems are composed of tubular
humeral and forearm elements, and the components allow for encasement
in cosmetic foam covers (Figure 54). After final shaping and covering
with a skin-colored stockinette or nylon, the completed prosthesis affords a
high degree of cosmetic acceptability. In addition to improved cosmesis
and softness, modular prostheses are lighter in weight than conventional
artificial limbs. Three different endoskeletal upper limb prosthetic systems
are currently available from Ottobock, RSL Steeper, and Hosmer.
Endoskeletal systems vary in exact components, connectors,
mechanisms of movement, and durability, but they are usually passive and
allow positioning with friction joints. Most allow rotation of different
segments, and many use ball-and-socket joints. Any terminal devices with
the standard thread can be used, although a cosmetic passive hand is
usually chosen. Elbows may be passive or cable controlled, with or
without locking capability. Shoulders are available in single-axis, doubleaxis, or ball-and-socket configurations.

Summary
The main goal in providing a patient with a prosthesis is to enable him or
her to use the device as much as is needed to accomplish activities that are
most important to that individual. Prosthetic use and acceptance is
considerably increased when the user has an integral role in the selection
process and is allowed to provide feedback during the fitting process.
Acceptance or rejection may result from discomfort, a lack of desired
function, appearance, or any number of reasons that the clinician may not
anticipate. Therefore, it is important to include the user in any discussion
about and selection of component choices. No body-powered or externally
powered device can fully replace the human hand. Each of the components
discussed in this chapter has its best applications, misuses, pros, and cons.
Together, the clinician and patient must engage in a thorough discussion
about these factors and must prioritize the patient’s desired functions and
ultimate goals.
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Chapter 12

Harnessing and Controls for
Upper Limb Body-Powered
Prostheses
David B. Rotter, CPO

Abstract
Body-powered prosthetic devices are an effective method of controlling
upper limb prostheses. Body-powered prostheses use body movements, which
are captured with control straps and cables, to generate volitional
movement. For those with bilateral involvement, body power is generally the
preferred method of control because of the improved proprioception and
reliability offered.

Keywords: figure-of-8 harness; force and excursion;
prosthesis; transradial prosthesis
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Introduction
Body-powered prostheses for the upper limb are controlled by harnessing
or capturing movements from segments of the patient’s body that are intact
and capable of generating volitional movement. The movement from the
intact segment becomes a transferrable force that actuates body-powered
components, including elbows and terminal devices. This is most often
accomplished by a transmission of movement through a series of harness
straps and cables that start at a fixed point on the body and create a
reaction at targeted body-powered components.1
Despite exciting developments in externally powered prosthetic

options, body-powered prosthetic devices continue to be relevant as a
viable and effective means of controlling upper limb prostheses. For many
patients with bilateral involvement, body power is the preferred method of
control because of the improved proprioception and reliability offered.2
Body-powered prostheses have stood the test of time for a variety of
reasons. They involve relatively lightweight, durable components that
create consistent, dependable reactions every time they are used. Because
there is no need for an external power source, the dependency on a source
of electricity for recharging is eliminated. An important and often
overlooked advantage is the sensory feedback provided to users of bodypowered devices. The users can feel how much tension they are exerting
through the socket and harness and can feel how much movement is taking
place at the terminal device. This one-to-one relationship of movement to
sensory feedback allows the user to know where his or her prosthesis is in
space.3
From the earliest concepts to current practice, novel approaches of
capturing body movements to control upper limb prostheses have been
developed, refined, and subsequently taught to future generations of
prosthetists. This chapter reviews basic harnessing and body power theory,
discusses body-powered options at each major level of upper limb
amputation, and describes the available movements used to actuate bodypowered components. Alternative harnessing strategies designed to
address more specific needs along with their clinical relevance are also
discussed.

Finger Prostheses
The past decade has seen the development of many body-powered choices
for patients with a partial hand amputation, with commercially available
options for those missing single or multiple fingers. Three body-powered
systems, the Biomechanical Prosthetic Finger (Naked Prosthetics), the XFinger (Didrick Medical), and the Partial M-Finger (Liberating
Technologies), use forward flexion of the remnant finger to cause the
prosthetic finger to close. It should be noted that no partial hand–specific
devices have strong force and excursion options.

Biomechanical Prosthetic Finger
The Biomechanical Prosthetic Finger (BPF) is intended for finger

amputations distal to the proximal interphalangeal joint where sufficient
length and flexion mobility of the residual middle phalanx remains. A
proximal frame surrounds the proximal phalanx with a second frame
surrounding the middle phalanx. Flexion and extension between these two
frames are captured by a linkage joint that transmits flexion force and
movement to a prosthetic distal interphalangeal joint, moving a prosthetic
distal phalanx.

X-Fingers
The X-Finger system is intended for a finger amputation distal to the
metacarpophalangeal joint. It uses an anchor point located at the base of
the knuckle that extends into the palm. As the user flexes the remnant
finger, a polycentric linkage mechanism flexes the prosthetic fingertip
(Figure 1).

Partial M-Fingers
The Partial M-Finger is also intended for finger amputation distal to the
metacarpophalangeal joint. The M-Finger uses a cable system that is
mounted on the dorsal surface of the hand. The mounting acts as the
anchor, and metacarpophalangeal flexion creates cable tension that causes
the partial finger element to flex volarly (Figure 2). Internal springs
extend the interphalangeal joint in the absence of cable tension.

Partial Hand Prostheses
M-Fingers
M-Fingers use the movement of wrist flexion as the prime mover. As the
user flexes his or her wrist, cables, which are anchored on a frame
mounted proximal to the dorsal aspect of the forearm, are pulled. The
frame acts as the anchor, and the action of wrist flexion acts to close the
fingers about an object. The available force and excursion are both limited,
making this type of prosthesis better suited for lighter duty applications
(Figure 3).

Minnesota Split-Hand Prosthesis
The Minnesota split-hand device is an example of a prosthesis that uses
wrist flexion and extension to activate a hinged, split hand. The hand is
split at its base, making the thumb a stationary component while the top

section of the hand is activated with wrist flexion. Force and excursion are
moderate to good with this type of device. It is appropriate for use in an
individual with a congenital limb deficiency at the transcarpal level or a
traumatic partial hand amputation (Figures 4 and 5).

Figure 1

Photograph of the X-Finger without its cosmetic
cover. Flexion at the metacarpal-phalangeal joint of the residual
digit produces flexion at the interphalangeal joints of the
prosthesis. (Courtesy of Didrick Medical, Naples, Florida.)

Figure 2

Photograph of the Partial M-Finger. In a device
anchored at the wrist of the affected limb, metacarpophalangeal
flexion creates the cable excursion needed to create
interphalangeal flexion in the prosthesis. (Courtesy of
Liberating Technologies, Holliston, MA.)

Figure 3

Photographs of Partial Hand M-Fingers. A, Position
of the fingers with the wrist in neutral or slightly extended
position. B, Wrist flexion causes the cable to become taught,
closing the fingers. (Courtesy of Liberating Technologies,
Holliston, MA.)

Figure 4

Photographs of a patient with a left partial hand
amputation demonstrating residual wrist flexion (A) and
extension (B) that can be used to actuate a body-powered,
split-hand prosthesis. (Courtesy of David B. Rotter, CPO,
Scheck and Siress, Chicago, IL.)

Figure 5

Photograph of the Minnesota split-hand prosthesis.
(Courtesy of David B. Rotter, CPO, Scheck and Siress,
Chicago, IL.)

Figure 6

Photographs of traditional figure-of-8 harnessing of
a partial hand prosthesis, which allows multiple degrees of
freedom. A, Full opening of the hook in the neutral position.
Positioning the hook with wrist flexion (B), full pronation (C),
and radial deviation and wrist extension (D). (Courtesy of David
B. Rotter, CPO, Scheck and Siress.)

Traditional Harnessing

Another option is the use of a traditional figure-of-8 harness for a partial
hand amputee (Figure 6). The figure-of-8 harness can support carrying
heavier loads by dispersing the pressure through the broad surface area of
the harness. The harness also allows the anatomic motions of wrist flexion
and extension with full pronation and supination, which allows the user
many options to position and then activate the prosthesis in space.

Transradial Applications
History
Artifacts and drawings have documented historical attempts at producing
functional upper limb prosthetic devices. As early as the 16th century and
continuing through the US Civil War, hook-like shapes were often
fashioned as useful prosthetic implements for stabilizing, pulling, and
carrying objects4 (Figures 7 and 8). Patent filings in the 19th century
document the use of body-powered control through a harness, such as
William Selpho’s 1857 patent for a body-powered prosthetic arm5,6
(Figure 9).

Figure 7

Photograph of Götz’s artificial arm, 16th century,
Weimar, Germany. (Copyright Peter Finer, myArmoury.com.)

Figure 8

Photograph of a transradial prosthesis from the
Civil War era. (Courtesy of Cowan’s Auctions, Cincinnati, OH.)

Figure 9

Patent drawing for a cable-controlled prosthesis
filed in 1857. (Reproduced with permission from Selpho W,
inventor: Construction of artificial hands. US Patent 18021.
August 18, 1855.)

The primary body-powered system still currently in use can be
attributed to David W. Dorrance’s 1912 patent of the split hook.7 The
original hook design (Figure 10) was refined into multiple models and
shapes and is currently sold by the Hosmer Corporation (formerly Hosmer
Dorrance).8 Both the Selpho and Dorrance designs demonstrate the use of
a harness to both suspend and activate a cable that is pulled to open a
terminal device.
Building on these original concepts, methods of efficiently transmitting

force through a harnessing system have been developed and refined. To
better understand these concepts, it is useful to review force transmission
and goals of efficiently harnessing a body-powered system.

Basic Concepts of Force Transmission
The goal when setting up body-powered prostheses is to create a
transmission of force in the most efficient manner possible. To achieve
this, the following criteria must exist: (1) The prosthesis must be securely
suspended or anchored to the individual’s body. (2) There must be a
harness and cabling system designed to transmit body movements to
efficiently activate a terminal device. (3) There must be an available power
source in the form of movement generated by an intact body segment that
can activate a body-powered component. (4) The body movement must be
able to travel a sufficient distance to complete the action with adequate
force to achieve the desired outcome.

Figure-of-8 Harness System
The figure-of-8 harness system has several key component parts (Figure
11).
Axilla Loop
The foundation of the figure-of-8 harness is the axilla loop, which is also
known as the anchor because this portion of the harness acts to both
suspend the prosthesis and provide a stable anchor for the user to generate
power to activate the terminal device. The axilla loop is located through
the contralateral deltopectoral groove.
Suspension
The portion of the harness that is responsible for immediate vertical
suspension is called the anterior suspensor strap. It starts at the anchor,
which is located at the contralateral shoulder, and ascends superiorly and
laterally until it reaches the ipsilateral deltopectoral groove. The strap
descends and is attached to the inverted Y strap, which connects the
harness to the proximal aspect of the triceps cuff.
Control Strap
The control strap travels from the proximal axilla strap across the inferior
aspect of the ipsilateral scapula. This portion of the harness connects to the

cabling system that ultimately activates the terminal device. The
orientation of the strap is an approximate 45° angle that travels over the
distal portion of the ipsilateral scapula. This strap is referred to as the
control attachment strap.
Harness Center Point
There are two common methods for creating the center point of the
harness–a static sewn point and a stainless steel ring juncture (Figure 12).
The ring style is designed to offer more range and flexibility of movement.
The optimum location of the center juncture point is at midline and distal
to the C7 vertebra.
Juncture Between the Harness and the Cable System
Attached to the end of the control attachment strap is the proximal end of a
cable. The cable travels through a metal housing that acts to create a
smooth and continuous fulcrum. To ensure the housing maintains its
shape, it is anchored at two reaction points in the system. The reaction
points consist of a proximal cross bar and an attachment tab emanating
from the triceps cuff and a distal baseplate and retainer on the forearm of
the prosthesis (Figure 13). This continuous cable approach is termed a
Bowden housing cable system.
A key feature of the Bowden cable system is that it has a fixed length
of cable housing. This ensures that the captured force and excursion at the
harness are efficiently transferred to the terminal device. The two reaction
points ensure that the housing maintains the same curvature as the
prosthesis is being activated, functioning as a smooth and continuous
fulcrum for the cable as it travels through it. With an appropriate amount
of curvature, there is an optimal distribution of the friction caused by the
cable traveling through the housing.9

Power Generation
The body movements available to activate a body-powered component are
dependent on the level of amputation. As a general rule, the more distal the
amputation, the more options remain available for body activation. At the
transradial level, the two key movements in body-powered activation are
glenohumeral flexion of the ipsilateral shoulder and biscapular abduction.
In the former, as the upper arm translates forward, the cable is pulled and
the terminal device opens. Relaxing this movement allows the rubber

bands on the voluntary-opening terminal device to close. This movement
generates excellent force and is a key prime mover in body-powered
activation (Figure 14).

Figure 10

US patent drawing from David W. Dorrance’s
1912 patent of the split hook. (Courtesy of Fillauer,
Chattanooga, TN and Dorrence DW, inventor: Split hook. US
Patent 1042413. 1912.)

Figure 11

Component parts of a standard figure-of-8
harness. A, Anterior view. B, Posterior view.

Figure 12

Illustrations showing two variations for creating
the harness center point. The cross point can be sewn together
(A) or connected by a ring (B). (Reproduced from Pursley RJ:
Harness patterns for upper-extremity prostheses, in
Orthopaedic Appliances Atlas. Chicago, IL, American Academy
of Orthopaedic Surgeons, 1960, pp 125-160.)

Figure 13

Illustration of the cross bar and attachment tab
emanating from the triceps cuff (top illustration) and base plate
and retainer on the forearm of the prosthesis (bottom
illustration). (Reproduced with permission from Below and
Above Elbow Harness and Control System. Evanston, IL,
Northwestern University Prosthetic-Orthotic Center, 1966.)

Figure 14

Illustration demonstrating that glenohumeral
flexion is a primary control motion for body-powered
prostheses. (Reproduced with permission from Below and
Above Elbow Harness and Control System. Evanston, IL,
Northwestern University Prosthetic-Orthotic Center, 1966.)

Figure 15

Illustration demonstrating bilateral scapular
abduction, which represents an additional control motion for
body-powered prostheses. (Adapted with permission from
Below and Above Elbow Harness and Control System.
Evanston, IL, Northwestern University Prosthetic-Orthotic
Center, 1966.)

With biscapular abduction, the user moves both scapulae in opposing
directions. This widens the back and thereby creates tension on the cable
that opens the terminal device. This movement is very useful when
operating close to the body and when the user desires to open the terminal
device while keeping it in a stationary position (Figure 15).
The movements of glenohumeral flexion and biscapular abduction can
be used discreetly or simultaneous in combination. The activation
movement chosen depends largely on the location in space at which the
user would like to activate the terminal device.

The Relationship Between Force and Excursion
The power the body must generate to activate a terminal device is referred
to as the force needed for activation. The distance the intact segment of the
body must travel is known as the excursion needed for activation. These
concepts are illustrated in the two previously described examples of body
activation. Glenohumeral flexion produces both substantial force and
excursion. The ipsilateral shoulder muscles generate excellent force and

can travel a substantial distance. In contrast, biscapular abduction
generates good force but more limited excursion because there is a smaller
distance the two scapulae can travel when generating the movement.10
The force-to-excursion quotient is less of an issue with more distal
amputation levels because of the multiple sources of power and excursion
available relative to more proximal levels of amputation when sources of
power and excursion are more limited.

Complete Transradial System Activation
Figures 16 through 19 demonstrate the elements involved in the activation
of a complete transradial prosthetic system in an individual with a bilateral
transradial amputation. Action starts from a figure-of-8 harness that
anchors the system (Figure 16). Beginning at a state of rest (Figure 17),
ipsilateral glenohumeral flexion produces the force and excursion to open
the hook (Figure 18). Alternatively, biscapular abduction can be used to
activate the terminal device when positioned closer to the body (Figure
19).

Figure 16

Posterior photographic view of an individual with
bilateral transradial prostheses. (Courtesy of David B. Rotter,
CPO, Scheck and Siress, Chicago, IL.)

Figure 17

Photograph of a patient with a transradial
prosthesis in the resting state. Ipsilateral glenohumeral flexion
produces the force and excursion needed to open the hook.
The arrows point to the two reaction points, one on the triceps
cuff and one on the socket. (Courtesy of David B. Rotter, CPO,
Scheck and Siress, Chicago, IL.)

Figure 18

Photograph of a prosthesis in which the terminal
device has been opened as a result of glenohumeral flexion.
(Courtesy of David B. Rotter, CPO, Scheck and Siress,
Chicago, IL.)

Figure 19

Photograph demonstrating activation of a terminal
device using biscapular abduction, which allows the hook to
stay close to the body. (Courtesy of David B. Rotter, CPO,
Scheck and Siress, Chicago, IL.)

In a resting position and in a fully activated position, the cable housing
maintains a gentle curvature. An efficient system maintains this curvature
throughout all motions. If the cable housing is too tight, unnecessary
friction is created; this causes discomfort for the user and reduces
efficiency. If the housing has too much curvature, more force is needed to
activate the system and efficiency is lost. Regardless of the level of
amputation or the complexity of the prosthetic system, these basic rules of
cabling apply. To further promote efficiency, modern cabling systems can
be set up using a Teflon (DuPont) lining inside the housing and efficient,
tightly woven steel or spectra cable. These combinations act to minimize
unwanted friction and improve the overall efficiency of the system.

Figure 20

Illustrations showing the anterior (A) and posterior
(B) views of a shoulder harness for a transradial prosthesis.
(Adapted from Pursley RJ: Harness patterns for upperextremity prostheses, in Orthopaedic Appliances Atlas.
Chicago, IL, American Academy of Orthopaedic Surgeons,
1960, pp 105-128.)

Alternative Harnessing Options
Shoulder Saddle Harness
The purpose of a shoulder saddle harness configuration is to distribute
pressure in different locations other than the contralateral deltopectoral
groove and the axilla. This design was constructed for individuals who do
heavy lifting with their prostheses. Prolonged heavy loading can make
wearing a traditional figure-of-8 harness very uncomfortable because there
is constant stress pulling into the contralateral axilla. The shoulder saddle
design shifts the weight to the ipsilateral shoulder and the contralateral
chest wall. When constructing this type of harness, the goal is to ensure
that there is adequate surface area on the saddle and chest strap to
distribute the pressure where it can be comfortably tolerated (Figure 20).

Figure 21

Photograph of a patient wearing a transradial
Michigan roller harness. (Courtesy of Jack E. Uellendahl, CPO,
Hanger Clinic, Phoenix, AZ.)

Figure 22

Posterolateral (A) and anterior (B) photographic
views of a variation on the shoulder saddle harness that uses a
distal circumferential strap to position the chest strap well distal
of the contralateral axilla. (Courtesy of Jack E. Uellendahl,
CPO, Hanger Clinic, Phoenix, AZ.)

Figure 23

Posterior photographic view of a patient wearing a
figure-of-9 harness used with a self-suspending transradial
prosthesis. (Courtesy of Jack E. Uellendahl, CPO, Hanger
Clinic, Phoenix, AZ.)

Michigan Roller Harness
A variation on the shoulder saddle design is the Michigan roller harness,
which uses cable and housing instead of static straps to attach to the triceps
cuff. The purpose of this harness design is to allow a greater degree of
unrestricted movement about the ipsilateral shoulder (Figure 21).
Harness With Distal Strap
A harness design with a distal strap is intended to position the center of
pressure on the contralateral chest wall, well distal to the axilla. This
heavy-duty harness distributes most of the weight over the saddle portion
of the harness. The additional straps ensure the counterforce point on the
contralateral chest wall stays distal to the axilla (Figure 22).

Figure 24 A and B, Photographs of a figure-of-9 socket and
harnessing variation that allows the use of elbow flexion as a
prosthetic control motion. (Courtesy of Bob Radocy, MS, TRS,
Boulder, CO.)

Figure-of-9 Harness
A figure-of-9 harness is used when the socket is designed to be selfsuspending. Self-suspension can be accomplished through a variety of
socket designs, including an anatomic supracondylar suspension or pin
suspension using a roll-on liner. Because the harness is not needed to
suspend the socket, the anterior suspensor strap is eliminated, giving the
harness the look of the number nine (Figure 23).
When using a figure-of-9 harness, the primary body-powered
activation movements remain glenohumeral flexion and biscapular
abduction. Based on his personal experience using voluntary-closing
devices, prosthetic designer Bob Radocy identified alternative methods of
terminal device activation, including elbow flexion (Figure 24). To take
advantage of these alternative movements, the reaction point is placed on
the posterolateral aspect of the socket, close to the juncture where elbow
flexion and extension take place. This allows a fine pinch movement that
can be used to regulate the pressure exerted on an object with a voluntaryclosing terminal device.
Another use of the figure-of-9 concept is the Anchor device (SingleHanded Solutions, distributed by TRS), which was developed by Debra
Latour, a registered occupational therapist. Latour, who herself has a
congenital transradial limb deficiency and has been a lifelong prosthesis
user, devised the Anchor to relieve the need for a harness loop around the
contralateral axilla while still maintaining body-powered activation. Using
medical grade adhesive, a plastic tab is adhered to the ipsilateral aspect of
the user’s back, medial to the scapula. A tab on the plastic connects to the

harness that activates the prosthesis (Figure 25).

Transhumeral Applications
Mechanism of Control
A harness designed for the patient with a transhumeral amputation must
control both elbow and terminal device function. Unlike the transradial
user who has the remaining degrees of freedom of both the anatomic
shoulder and elbow, the transhumeral prosthesis user has only anatomic
shoulder function remaining.
Traditionally, an individual with a transhumeral prosthesis is required
to operate the device in sequence. The user must first position the forearm
in a desired location using the function of the prosthetic elbow. Once the
forearm is positioned, the user can then activate the terminal device. The
following three discrete actions must take place to accomplish the full
sequence: (1) the user must position the elbow in space, (2) the user must
lock the elbow, and (3) the user can then activate the terminal device.

Sequence of Actions
The primary control motions for the user of a transhumeral prosthesis are
glenohumeral flexion and biscapular abduction. These movements are
used to perform both elbow flexion and terminal device activation, which
can be accomplished using a single cable that is responsible for the two
actions. This is achieved by splitting the cable housing system to create a
fairlead cable system (Figure 26, A). The cable housing is split just above
and below the prosthetic elbow joint. As glenohumeral flexion is applied,
the distance between the two split housings becomes smaller, causing the
prosthetic elbow to flex (Figure 26, B).
When the elbow is prepositioned, the second action (elbow locking)
must take place. In traditional positive locking elbow joints, an elbow lock
cable works in a reciprocal fashion when pulled. Cycling between locking
and unlocking allows the same body motion to achieve both functions.
Body-powered motions commonly used to activate elbow locking include
scapular depression, glenohumeral extension, and glenohumeral abduction.

Figure 25

Posterior (A) and lateral (B) photographic views
of an individual wearing the Ipsilateral Scapular Cutaneous
Anchor System (the Anchor), a body-powered cabling
technique that eliminates the need for a harness by the
temporary adherence of an anchor point near the ipsilateral
scapula. (Courtesy of David B. Rotter, CPO, Scheck and
Siress, Chicago, IL.)

Figure 26

Illustrations of a split-housing cable used in a
transhumeral application. A, Cable (arrow) in elongated
position (elbow extended). B, Cable (arrow) in shortened
position (elbow flexed). (Reproduced with permission from
Below and Above Elbow Harness and Control System.
Evanston, IL, Northwestern University Prosthetic-Orthotic
Center, 1966.)

The anterior suspensor of the transhumeral harness is designed to both
assist in the suspension of the prosthesis and act as the reaction point for
the elbow lock. This is accomplished by attaching the elbow lock cable to
the anterior suspensor strap and fashioning the strap from a combination of
rigid and elastic strapping materials (Figure 27). When the user applies the
motions of glenohumeral abduction, glenohumeral extension, and scapular
depression, the elbow lock cable anchored in the elbow unit becomes
elongated, causing it to cycle. Relaxing that motion allows the elastic
component of the anterior suspensor to rebound and return the cable to the
original position. Using this sequence of motions, the user can alternate the
elbow from unlocked to locked and repeat as needed (Figure 28).
After the elbow is locked, the same cable that flexed the elbow into
position is used to activate the terminal device. The user must use
additional glenohumeral flexion and biscapular abduction to activate the
terminal device (Figure 29). Compared with transradial applications,
nearly double the amount of excursion is required to complete the
sequence of actions. Residual limb length strongly affects the ability to
successfully complete these sequences. Longer residual limbs generally
allow the user enough force and excursion to successfully complete the
sequence at the end range of flexion. Patients with shorter transhumeral
residual limbs are less likely to complete the end range action because of
insufficient available excursion. A well-fitting, intimate socket is
especially important for these patients to ensure that the limited excursion
available is captured.

Figure 27

Illustration of an anterior suspensor strap (arrow)
fabricated from rigid and elastic materials, allowing the elbow
lock to cycle. (Reproduced from Pursley RJ: Harness patterns
for upper-extremity prostheses, in Orthopaedic Appliances
Atlas. Chicago, IL American Academy of Orthopaedic
Surgeons, 1960, pp 105-128.)

The force-to-excursion quotient in transhumeral harnessing can be
influenced by how the cable system is attached. The elbow flexion
attachment tab on the forearm portion of the transhumeral prosthesis
affects this ratio. There is an inverse relationship of force to excursion,
depending on how close or how far the elbow axis is to the elbow flexion
attachment tab (Figure 30). As the tab is mounted more distally and
anteriorly to the elbow joint, less force is required to flex the elbow, but
greater excursion is needed. Mounting the tab closer to the joint reduces
the required excursion, but it increases the amount of force needed to flex
the elbow. An average placement and good starting point of the elbow
flexion attachment tab is a distance of 30 mm (1.25 inches) distal and 20
mm (0.79 inches) anterior to the elbow joint center.

Shorter residual limb lengths have both reduced available excursion
and surface area on the residual limb to absorb the application of actuation
forces. In such instances, excursion can be reduced by placing the elbow
flexion attachment tab closer to the elbow axis of rotation if an elbow
flexion assist or Automatic Forearm Balance (Ottobock) is used to offset
the increases in the required elbow flexion forces.

Rotational Considerations
The amount of force and excursion captured by the prosthesis is influenced
by the intimacy of socket and harness fit. The anterior suspensor strap and
additional lateral suspensor straps function to ensure this intimacy of fit in
transhumeral applications while helping to control the rotation of the
socket on the user’s residual limb (Figure 31). When activating the control
attachment strap, the socket will want to externally rotate. This can be
controlled with a socket that contours proximally around the stable
structure of the shoulder girdle. As pressure is applied through the cable
system, the posterior aspect of the scapula resists a tendency for the socket
to externally rotate. A well-fitting harness ensures that the socket is
snuggly held to the user’s anatomy.

Figure 28

Photographs of a patient obtaining the desired
elbow flexion angle through control cable excursion (A),
unlocking the elbow through glenohumeral extension and
abduction (B), and positioning the elbow in the desired flexion
angle (C). (Courtesy of David B. Rotter, CPO, Scheck and
Siress, Chicago, IL.)

Figure 29

Photograph of a patient who, having obtained an
advanced amount of elbow flexion angle through control cable
excursion, must generate additional control cable excursion to
open the hook. (Courtesy of David B. Rotter, CPO, Scheck and
Siress, Chicago, IL.)

Figure 30

Illustrations demonstrating the effect of the elbow
tab placement relative to the elbow joint and the resultant force
and excursion requirements. A, As the tab is mounted further
from the elbow joint, less force is required but greater cable

excursion is needed. B, As the tab is mounted closer to the
elbow joint, the system requires greater force but less cable
excursion.

Figure 31

Illustration of the anterior suspensor strap (left)
and an additional lateral suspensor strap (right). These straps
provide an intimate fit and help control the tendency of the
prosthetic socket to externally rotate (arrows). (Reproduced
with permission from Below and Above Elbow Harness and
Control System. Evanston, IL, Northwestern University
Prosthetic-Orthotic Center, 1966.)

Figure 32

Photographs of patients wearing two different
approaches to lower the line of pull of the control attachment
strap. A, A double harness ring. B, The Biomechanically
Aligned Harness Anchor. (Courtesy of David B. Rotter, CPO,
Scheck and Siress, Chicago, IL.)

Capturing Maximum Power and Excursion
Two common approaches are used to lower the line of pull of the control

attachment strap. The purpose of these strategies is to span more surface
area of the back and capture more power and excursion. Traditionally, a
double ring modification can be used to lower the line of pull of the
control attachment strap to take advantage of a more optimal position of
the strap on the user’s back (Figure 32, A). More recently, the
Biomechanically Aligned Harness Anchor (TRS) was developed to lower
the line of pull for the control attachment strap to take advantage of a
better line of force transmission11 (Figure 32, B). This anchor has the
added benefit of encouraging lower placement of the superior center point,
which can be helpful for patients whose anatomic shape encourages the
standard steel ring to encroach proximally on the C7 vertebra and cause
discomfort.
In a more elaborate approach, a figure-of-8 harness can be modified
with a horizontal strap that crosses the back. The inferior cross-back strap
is designed to harness more surface area of the back for the control
attachment strap. This has the effects of stabilizing the anchor for the
control attachment strap and lowering the line of pull to take advantage of
the broad aspect of the back to generate power.
Transhumeral prosthesis users who are unable to obtain adequate
excursion to achieve full terminal device activation in full elbow flexion
may benefit from the addition of an inferior cross-back strap modification
to the harness. Taking advantage of a better line of pull can maximize both
power and excursion output. The inferior cross-back strap limits unwanted
migration of the control attachment strap and keeps it firmly anchored in
the broad powerful area of the user’s back. The modification may allow
individuals with shorter residual limbs to fully open the terminal device at
full elbow flexion (Figure 33).

Figure 33

Photographs of a patient with a short
transhumeral amputation (A) who was initially fitted with a
figure-of-8 harness (B). The addition of a cross-back strap (C)
ensured a better, more consistent line of pull and allowed full
opening of the terminal device at full elbow extension (D).
(Courtesy of David B. Rotter, CPO, Scheck and Siress,
Chicago, IL.)

Shoulder Saddle
Similar to its use in a transradial application, the shoulder saddle in
transhumeral harnessing is used to achieve the goal of dispersing the
pressure of suspension from the contralateral deltopectoral groove to the

ipsilateral shoulder and contralateral chest wall. This application is
appropriate for patients who use their prostheses for heavy lifting.
Although this configuration has good load-bearing properties, it is less
efficient for transmitting force and excursion. The placement of the anchor
points do not allow the user to engage as effectively in force transmission
as has been described previously. Glenohumeral flexion, ipsilateral
scapular abduction, and the addition of chest expansion are used. Because
the cross-back strap sits in a more inferior position than in previously
described examples, the user can expand his or her rib cage to help engage
the anchor strap to complement biscapular abduction and glenohumeral
flexion (Figure 34).
In an alternative application, the transhumeral shoulder saddle can
increase excursion and power by including a Z-strap modification. Similar
to the cross-back strap, the Z-strap modification takes advantage of the
broad aspect of the user’s back, allowing the user to generate more power
and excursion (Figure 35).

Michigan Roller Harness
The Michigan roller harness is also used in transhumeral applications.
Cable housing runs across the shoulder saddle and houses the cable that
suspends the prosthesis. Similar to a transradial application, the purpose of
this harness is to create unimpeded smooth movement as the user engages
in forward flexion and return extension.

Alternative Harnessing Strategies
Alternative harnessing variations and strategies have been used to achieve
the goals of capturing effective force and excursion while maintaining
comfort for the user who cannot tolerate pressure in the contralateral
axilla. Similar to transradial applications, these techniques lower the
anchor point of the harness below the contralateral axilla using a distal
circumferential strap.
Y Split
By using a Y split in the harness, the anterior branch travels superiorly to
act as the suspensor, whereas the inferior branch travels laterally and
connects anteriorly to form the anterior cross-chest strap. The cross-chest
strap travels inferior to the user’s xiphoid. This approach is appreciated by
female users who desire a cosmetic harnessing option that does not have a

strap crossing proximal to the breast that can be seen when wearing lowcut clothing. The control attachment strap is anchored at the fork of the Y
split (Figure 36). In a variation, the Y split on the user’s back captures
suspension and control because the inferior Y split acts as the control
attachment strap.

Figure 34

Illustrations of anterior (A) and posterior (B) views
of a transhumeral application of a shoulder saddle harness.
(Reproduced from Pursley RJ: Harness patterns for upperextremity prostheses, in Orthopaedic Appliances Atlas.
Chicago, IL American Academy of Orthopaedic Surgeons 1960,
pp 105-128.)

Figure 35

Photograph demonstrating the use of the Z-strap
modification to mimic the beneficial effects of a cross-back
strap in a transhumeral, shoulder saddle harness design.
(Courtesy of Jack E. Uellendahl, CPO, Hanger Clinic, Phoenix,
AZ.)

Triple Control Harness
The Triple Control Harness (Ottobock) isolates three movements to
perform three different functions. The anterior suspensor is responsible for
elbow locking and unlocking, the center strap is responsible for terminal
device opening and closing, and the inferior strap is responsible for elbow
activation. By isolating the discreet movements of glenohumeral flexion
for elbow activation and biscapular abduction for terminal device
activation, both functions can be used simultaneously.

Figure 36

Posterior (A) and anterior (B) photographic views
of an alternative harness strategy used to position the
contralateral chest strap well distal to the contralateral axilla.
This approach is appreciated by females because the strap
runs distal to, rather than across, breast tissue. (Courtesy of
David B. Rotter, CPO, Scheck and Siress, Chicago, IL.)

Bilateral Application
Similar to harnessing at the transradial level, an axilla loop component is
not needed for a bilateral harness. Rather, the two prostheses anchor each
other (Figure 37).

Shoulder Disarticulation Applications
Harnessing for a body-powered prosthesis at the shoulder disarticulation
level is challenging because the sources available for generation of force
and excursion are limited. With the absence of the humerus, the powerful
and effective movement of glenohumeral flexion is no longer present. The
movements available for elbow and terminal device activation are limited
to biscapular abduction and chest expansion.
Elbow lock function must also be approached with a different strategy
because glenohumeral abduction and glenohumeral extension are not
possible. Scapular elevation is used to activate elbow locking. This
movement is possible only if there is sufficient anchoring of the elbow
lock strap. To accomplish this, a strap is fashioned that travels across the
user’s midsection, between the inferior ribs and superior to the iliac crest.
The elbow lock cable runs proximally through cable housing mounted to
the anterior socket wall at axillary height and then reflects distally where it

connects, through a control strap, to the waist strap (Figure 38).

The Use of Pulleys
Pulleys have been used in a variety of applications to create a mechanical
advantage for a given action, and the same concepts of leverage can be
applied in body-powered harnessing. For force amplification, the control
cable runs through a pulley that is connected to the terminal device. This
configuration doubles the required amount of excursion of the control
cable to create the same overall movement but reduces the force required.
This configuration is used when ample excursion is available and the
chosen action requires substantial force.
When excursion amplification is needed, the control cable runs through
a pulley that is connected to the harness. This configuration doubles the
required amount of force at the control cable to create the same overall
movement, but reduces the excursion required. This pulley configuration is
used when there is sufficient force present but a limited amount of
excursion is available. The latter is more commonly used (Figure 39).
For example, when using biscapular abduction as a control motion
with a shoulder disarticulation prosthesis, the motion generates good
power but has limited excursion. Using a pulley, the configuration allows
the user to generate approximately double the amount of cable travel per
the amount of biscapular abduction and chest expansion exerted (Figure
40).

Figure 37

Anterior (A) and posterior (B) photographs of a
patient demonstrate bilateral body-powered transhumeral
harnessing. (Courtesy of David B. Rotter, CPO, Scheck and
Siress, Chicago, IL.)

Figure 38

Photograph of a patient using a distal waist strap
as an anchor point for the elbow lock cable, routed through a
retainer positioned at axillary height. This approach allows
scapular elevation as a control motion for elbow locking and
unlocking for a shoulder disarticulation prosthesis. (Courtesy of
David B. Rotter, CPO, Scheck and Siress, Chicago, IL.)

Figure 39

Illustrations of the use of pulleys to create force
and excursion amplifiers in body-powered harnessing. A, A
force amplifier is used when ample excursion is available. B,
An excursion amplifier is used when ample force is available.
(Reproduced with permission from Below and Above Elbow
Harness and Control System. Evanston, IL, Northwestern
University Prosthetic-Orthotic Center, 1966.)

Figure 40

Photograph showing an excursion amplifier in the
harnessing of a body-powered shoulder disarticulation
prosthesis. (Courtesy of David B. Rotter, CPO, Scheck and
Siress, Chicago, IL.)

Figure 41

Photograph of a nudge switch that is used when a
control motion cannot be provided through a harness.
(Courtesy of Hosmer Fillauer, Chattanooga, TN.)

Figure 42

A, Photograph of a patient wearing a bilateral
body-powered shoulder disarticulation prostheses. The bilateral
excursion amplifiers control elbow flexion and terminal device
prehension. B, Photograph showing a nudge switch and series
of mouth pull switches that are used to control the shoulder
lock, five-function wrist lock, elbow lock, and elbow turntable
lock. (Courtesy of David B. Rotter, CPO, Scheck and Siress,
Chicago, IL.)

Nudge Control
If sufficient excursion or force is unavailable using harnessing options, a
nudge control device allows the individual to use his or her chin to push
down on a lever to create an action (Figure 41).

Harnessing a Bilateral Shoulder Disarticulation
It should be noted that, when possible, it is preferable to use a combination
of body-powered and externally powered components when fitting a
patient with bilateral shoulder disarticulation. There are, however, some
instances in which some individuals with bilateral shoulder disarticulation
do not have access or resources to be fit with externally powered
components. In such cases, the prosthetists should creatively use the bodypowered resources that are available. An example of such a device is
shown in Figure 42, A. Two excursion amplifiers are mounted opposing
each other on the posterior aspect of the sockets. This split-socket design
maximizes the individual’s ability to use maximum biscapular abduction
and chest expansion. This control motion enables movement of the elbows
and terminal devices. It should be noted that the elbow must be locked on
one side or this configuration will cause both elbows to flex
simultaneously. The practical application of such devices uses one side as
the prime mover of the system, with the other side primarily used in
positional assistance. Many switches and nudge controls are necessary to
activate the many elements of these types of body-powered devices
(Figure 42, B).

Harnessing and Externally Powered Switches
The same motions available to an individual for activating a body-powered
prosthesis can be used to activate switch controls responsible for activating
electric components. For example, biscapular abduction and glenohumeral
flexion are frequently used to pull a linear potentiometer rather than using
a body-powered cable to operate an electric elbow (Figure 43, A). The
advantage of this control strategy is that it gives the user positional
feedback as he or she initiates the movement to pull the switch. It also
requires substantially less force to initiate the movement. The same
principles can be applied in more elaborate harnessing schemes (Figure
43, B).

Figure 43

Photographs showing the application of bodypowered control motions to control electric components. A, A
linear potentiometer is used to control the position of an electric
elbow using glenohumeral extension and biscapular abduction.
(Courtesy of David B. Rotter, CPO, Scheck and Siress,
Chicago, IL.) B, In this hybrid setup with a triple control
harness, the anterior suspensor strap controls a manual elbow
lock, the middle strap controls an electric switch regulating the
position of an electric hook, and the distal strap provides bodypowered control of the elbow position. (Courtesy of Ryan Spill,
CP, Philadelphia, PA.)

Summary
Body-powered devices continue to be effective tools for patients with
upper limb amputations. As further advances are made in externally
powered control, it is critical that continued development of body-powered
components and strategies are not overlooked or abandoned. There will
always be a need for body-powered devices in the developing world, and
these devices continue to prove their merit in the industrialized world.
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Chapter 13

Upper Limb Externally
Powered Components
M. David Beachler, CP LeRoy H. Oddie, CP

Abstract
Externally powered prosthetic components are a viable solution for
individuals with upper limb amputation. Because there are many possible
component combinations, selection of an optimal combination can be
challenging. Factors to consider in the selection of powered upper limb
components include availability, weight, cost, cosmesis, power requirements,
noise, durability, repairability, and compatibility, along with the patient’s
limb length, gadget tolerance, hand dominance, and the anticipated
environments where the prosthesis will be used. Upper limb powered
prehensors, wrists, elbows, and shoulders can be characterized by the
mechanical joint type, degree(s) of freedom, joint impedance, and power
requirements. By comparing these characteristics with the lost anatomic
function and unique requirements of the user, an appropriate combination of
externally powered and/or body-powered prosthetic components may be
prescribed.

Keywords: externally powered prostheses; hybrid prostheses;
myoelectric prostheses; prosthetic hand; prosthetic elbow;
prosthetic wrist; upper limb prosthetics
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Introduction
There have been steady advancements in the field of externally powered
upper limb prosthetic components. In large part, the field of prosthetics has
benefited from technological developments of other industries in areas of
electronics, software, communication standards, batteries, actuators,
manufacturing methods, material science, and mobile communication
devices. Consequently, current externally powered upper limb prostheses
offer increased hand dexterity, longer battery life, more intuitive control,
increased function, and new methods of user interaction.1
The intact upper limb effortlessly performs both fine and gross motor
tasks and even subtly contributes to communication.2,3 It should be
remembered that the intact upper limb is marvelously capable of a
minimum of 28 simultaneous degrees of freedom,4 with sightless
proprioception (including position, heat, moisture, and pressure), with
substantial strength for gross motor tasks and delicate dexterity for fine
motor tasks, all with seemingly unlimited energy and unconscious control
in an visually appealing, lightweight, waterproof package with self-healing
properties.
In contrast, the upper limb prosthesis is primarily restricted to a
supportive role, is often underactuated, and is generally limited to
performing gross motor functions. All upper limb prosthetic components
are engineering exercises in compromise, with limitations in power, size,
aesthetics, strength, cost, and durability. As prosthetic functionality is
increased, the cost, weight, and complexity of the components are also
increased.5 In addition, media reports often highlight outcomes of new
prosthetic technologies, with no inclusion of important limitations;
therefore, older prosthetic technology, which may not only be appropriate
but may represent the best solution, is often ignored.6 Thus, the
expectations of individuals with upper limb amputations and their families
may be greater than a prosthetist is capable of providing. The clinical team
and the prosthetist, in particular, must carefully inculcate realistic
functional and aesthetic expectations as early in the rehabilitation process
as possible.

Because upper limb prosthetic components are modular and highly
compatible, a large number of component combinations are possible. In
addition, these components are often complex in design and function,
requiring prosthetists to remain abreast of technological developments and
consult with prosthetic manufacturers and other prosthetists who specialize
in upper limb components. Prosthetists who are inexperienced in treating
patients with complex upper limb amputations should consider referral to a
prosthetist who specializes in upper limb care. Many manufacturers of
upper limb prostheses employ prosthetists and/or occupational therapists
with upper limb expertise who can serve as valuable resources.

Factors to Consider in Component Selection
Selecting the ideal combination of components is arguably the most
difficult aspect in the provision of prostheses for upper limb amputees.
Factors to consider in the selection of powered upper limb components
include availability, weight, cost, cosmesis, noise, durability, repairability,
and component compatibility, as well as patient-related factors such as
limb length, gadget tolerance, and the environments where the prosthesis
will be used.

Availability
Because the market for powered upper limb components is small, there are
substantial product gaps such as the lack of powered wrists with multiple
degrees of freedom. With knowledge of both what is and what is not
commercially available, prosthetists and occupational therapists
specializing in the care of individuals with upper limb amputation can
serve as excellent resources for recommending appropriate prosthetic
components.

Weight
Weight is an important factor in selecting an upper limb prosthesis.
Multiple surveys have indicated that excessive weight is a cause for
prosthesis abandonment.7,8 Powered upper limb components inherently
have more mass than other upper limb components because the source of
actuation (motors) and power (batteries) are usually contained within the
prosthesis. However, this increased weight often results in increased
function, which may be a priority for some users. Because weight

tolerance is dependent on the strength of the individual amputee, weight is
more likely to affect smaller individuals. Decreases in component mass are
seldom proportional to decreases in component size.
Importantly, not all weight is equal. Static weight (component weight
measured on a scale)9 does not equate to functional weight (the weight of
the device perceived by the amputee during use). The more proximal the
placement of the weight, the less the user perceives it. Depending on the
length of the residual limb and component selection, the prosthetist can
strategically decrease functional weight. For example, in a patient with a
short transhumeral amputation, the prosthetist may place the battery
proximal to the prosthetic elbow or on the posterior side of the socket,
rather than within the forearm where the additional weight would decrease
elbow capacity and increase perceived weight with humeral flexion. The
overall functional and static weight must be considered when selecting a
suspension method because heavier components may eliminate the
preferred methods from consideration. Generally, less weight is preferable,
because less weight is often perceived as increased comfort.

Cost
The costs of powered prosthetic components are substantially greater than
body-powered alternatives. Often, the end user does not pay for the
prosthesis because the prosthetist is reimbursed by a third-party payer such
as Medicare, private insurance, or workers’ compensation. However, thirdparty payers may provide only one prosthesis during the lifetime of an
amputee or may not cover the cost of powered prosthetic components
because such technologies are considered experimental or
investigational.10 In addition, the amputee’s medical coverage may change
and the future costs of replacements and/or repairs must be considered.
Because cost is not always reflective of function, more expensive
components should not be selected unless they provide a better solution for
the user’s needs. Similarly, costs should not be a limiting factor unless
available financial resources are exceeded. A long-term perspective should
be used when considering costs because higher initial costs may provide
justification for reduced future costs.11 Knowledge of local and state laws
and insurance regulations and the amputee’s financial situation should be
understood before a prosthesis is prescribed because some component
costs may exceed available funding.11,12

Cosmesis
The importance of cosmesis (lifelike appearance) is highly personal and
often culturally influenced.13 Some amputees want prostheses with a
lifelike appearance, preferring detailed custom silicone prostheses, even to
the point of sacrificing essential function.13 Other individuals concede that
those around them will realize that the limb is a prosthetic device and
prefer anything but prostheses with a lifelike appearance. Other amputees
adopt an intermediate position in which lifelike appearance is appreciated,
but a device that does not draw the attention of a casual observer is also
acceptable.14
Cosmesis can be further differentiated into static and dynamic
cosmesis. Static cosmesis, which is the appearance of the prosthesis when
not in motion, may be convincing to the casual observer. However,
dynamic cosmesis considers the visual normalcy of both movement and
appearance.15 Dynamic cosmesis is not limited to the appearance of
prosthetic components, but also considers how naturally the residual
anatomic movement appears, such as the lack or minimization of
compensatory movements.16,17 Dynamic cosmesis often supersedes static
cosmesis in importance because unnatural movement will alert the casual
observer that the prosthesis is not a natural limb. Dynamic cosmesis may
also refer to the motion of a powered prosthetic component, such as direct
synchronous supination movement of a wrist rotator in contrast to the
smooth motion of the anatomic forearm.18

Noise
For some individuals, noise can be just as important as cosmesis. Noise
can draw undesirable attention to the prosthesis, diminishing realism.19
For such individuals, demonstration of powered components before
prescription can identify if actuator volumes are tolerable.

Durability
The importance of durability varies by individual needs. Individuals with
upper limb amputations who work in occupations involving manual labor
require durable prosthetic components. Unlike the anatomic arm, all
prosthetic components lack self-healing properties and have a limited
useful life that necessitates eventual replacement. In general, powered
upper limb components are less durable than body-powered components.

In some instances, it may be challenging to pay for or to obtain
reimbursement by third-party payers for the repair and replacement of
powered components. The amputee should be encouraged to take personal
responsibility in caring for his or her prosthesis to reduce both the cost and
inconvenience of repairs.

Repairability, Warranty, and Service
In some instances, powered upper limb prosthetic components may require
repair by the manufacturer. In such cases, consideration must be given to
how the amputee will perform essential activities of daily living (ADLs)
while repairs are made. Solutions may include loaner components from the
manufacturer for the duration of the repair, or the provision of a secondary
spare prosthesis.

Compatibility
Because upper limb prostheses are assembled from various components,
the patient’s outcome will only be as successful as the compatibility of
such components. Because there is only a limited number of manufacturers
making upper limb prosthetic components,20 the available selection of
components is limited, and compatibility between components from
different manufacturers cannot be assumed. Some manufacturers only
ensure compatibility between components in their own product lines,
whereas other manufacturers develop products with the specific purpose of
overcoming the incompatibility problem.
Compatibility can manifest itself in several forms. The most obvious is
mechanical compatibility. The quick-disconnect–type wrists made by
several manufacturers allow interchangeability with most externally
powered terminal devices, although a formal industry standard has not
been established. Although most upper limb components have mechanical
compatibility, they may not be electrically compatible. Components may
operate at different voltages or the connecting cables may not be
compatible. Some manufacturers offer adapter cables to enable electrical
compatibility. Given the complexity of upper limb components and
potential compatibility issues, a prosthetist with upper limb expertise is
valuable in understanding appropriate component combinations.

Limb Length
The length of the residual limb can have a substantial effect on the

selection of appropriate components and, subsequently, available
functions. In general, the restored prosthetic limb segments should be
matched as closely as possible in function and cosmesis to the contralateral
limb in those with unilateral upper limb loss.21 In patients with bilateral
upper limb amputation, anthropomorphic ratios serve as a guide, and
left/right limb segment symmetry should be restored if possible.21 In
elective amputations or revision surgeries, the clinical team should
consider potential components when planning the amputation length.
For transradial amputations, there is a trade-off between a longer limb
that preserves physiologic supination and pronation and a shorter limb that
allows space for wrist components with flexion features or powered
pronation and supination. For transhumeral procedures, a length 12 cm
(4.72 inches) shorter than an elbow disarticulation is ideal to permit
selection of any elbow components. Although powered elbows can
accommodate amputations as long as 5 cm (1.97 inches) short of elbow
disarticulation, longer lengths are less desirable because the humeral
segment may be longer than ideal.22 Elbow disarticulations and
transhumeral amputations that are less than 5 cm shorter than elbow
disarticulations will require a body-powered elbow or outside hinges.

Gadget Tolerance
An amputee may have a physical or cognitive limitation (referred to as
gadget tolerance) that prevents the use of a prosthesis, or possibly a
particular prosthetic component. Each individual’s ability to adjust
emotionally to wearing and using a prosthesis is unique and dependent on
his or her personality and psychological stage of loss.23 As prosthetic
components become more complex, a higher gadget tolerance is needed.
Modern upper limb powered prosthetic components have many features,
which makes them highly adjustable; however, such components may
require interaction with mobile phones, computers, or other devices to
access all the possible features. For example, a prosthetic hand may offer
several dozen possible grip patterns, but may require the user to interact
with an external device such as a mobile phone to access a certain grip
pattern. In addition, all powered prosthetic components currently require
battery power, often requiring daily or intraday charging with frequent use.
Some amputees may not have the cognitive or physical ability to access
the desired features and/or may not be willing or responsible enough to
charge batteries daily. For such individuals, simpler externally powered

and/or body-powered components may be more appropriate.

Figure 1

Photograph of a demonstration tool and
anthropomorphic multiple-degrees-of-freedom bebionic hand.
Prosthesis manufacturers can provide clinicians with prosthetic
components so that function can be demonstrated to a patient
before component prescription. (Courtesy of Steeper, San
Antonio, TX.)

Environmental Factors
Powered components have environment limitations preventing their use in
certain situations. Batteries and electronic components can be damaged or
compromised by temperature extremes and water exposure. Although
some components may be water resistant, most components are not
waterproof, and wet environments should be avoided. Sand, dirt, or

particle exposure also may compromise function or increase wear rates.24
If an amputee frequently encounters such adverse environments, the
manufacturer’s specifications for the selected component should be
consulted to ensure component warranties will not be voided with normal
use.

Ancillary Equipment
Unlike body-powered prostheses, which require only the power of the
amputee, externally powered prostheses require additional equipment for
setup, maintenance, and use. Prosthetists and occupational therapists need
testing equipment to determine if viable myosites are available, to refine
electrode placement within a prosthetic socket, and to provide muscle
training. A computer, tablet, or mobile phone with appropriate software
may be necessary for programming the features of microprocessor
components. Demonstration tools are available for actuating prehensor
devices to demonstrate component function to the amputee before
component prescription (Figure 1). Amputees may also need a smartphone
or other mobile device to actuate additional programmable modes.
Although the patient’s access to software typically does not incur
additional costs, hardware costs should be considered when providing
powered components.

Preparatory Fitting
Because of the many factors involved in component selection and the
possibility of prosthesis abandonment, a preparatory fitting can be a highly
effective tool to ensure the amputee is capable of using the selected
components and that their functions are suited to his or her needs. A
diagnostic socket (test or check socket) not only ensures appropriate socket
fit, it also allows component alignment, lengths, and electrode placement
to be adjusted.25 After powered components have been prescribed,
component manufacturers should be consulted to determine if
demonstration components or no-obligation trial periods are available to
permit flexibility in selecting the final components.

Hybrid Configurations
Upper limb prostheses can be classified into the three broad categories of

cosmetic, body-powered, or externally powered; however, hybrid designs,
with body-powered, passive, and/or externally powered components, are
commonly prescribed for patients. Hybrid prostheses combine the
advantages of both body-powered and externally powered designs,
particularly for individuals with high-level and/or bilateral upper limb
amputations.26 Hybrid prostheses may reduce weight, provide
simultaneous control of multiple degrees of freedom, reduce costs,
increase grasping force and lifting capacities, and/or permit finer control.26
However, hybrid prostheses also may compromise working envelopes and
increase harnessing requirements.
In higher-level upper limb amputations, the critical deciding factor is
often the choice of whether to power the elbow or the prehensor. Although
both configurations are feasible, powering the prehensor seems to be the
most advantageous choice.27 Because the number of possible hybrid
configurations is vast, an in-depth discussion is beyond the scope of this
chapter. However, some hybrid upper limb components are discussed as
appropriate.

Characteristics of Externally Powered Components
Joint Types
Joints are essential for functional movement. To understand how prosthetic
components mimic the anatomic upper limb, it is helpful to describe the
function of the anatomic joints from the perspective of simple mechanical
joints (Figure 2). Anatomic upper limb joints may be revolute with one
degree of freedom, universal with two degrees of freedom, or spherical
with three degrees of freedom.28 In addition, various joints can be
combined in series or in parallel to increase the degrees of freedom.29

Figure 2

Photographs of various types of mechanical joints.
Revolute joints have one degree of freedom and can be
arranged as rotator (A) or flexor (B) joints. C, A prismatic joint
has one degree of freedom and is capable of linear motion. D,
A universal joint has two degrees of freedom. E, A spherical
joint has three degrees of freedom. (Reproduced with
permission from Bajaj N, Spiers A, Dollar A: State of the art in
prosthetic wrists: Commercial and research devices. Presented
at IEEE International Conference on Rehabilitation Robotics
(ICARR), 2015. Available at:. Accessed November 23, 2015.)

Joint Impedance (Compliance)
In the anatomic limb, joint impedance (resistance to external force) is
variable depending on the task. Although variable impedance is feasible
for powered prosthetic components, it is very inefficient. Consider the
elbow holding a book while reading. The impedance of the arm equals the
force of the gravity acting on the book and forearm. In a mechanical
system with continuously variable impedance, continual energy would be
required to maintain elbow joint position. To conserve energy resources,
prosthetic components typically adopt a dual-state impedance control with
low impedance (free motion) to move the joint to a desired position and
high impedance to lock a joint into position.30 Other prosthetic
components, such as the multiaxial wrist, have a spring-loaded impedance,
returning the joint to a neutral position after an external force is removed.
To prevent actuator damage, some components have clutch mechanisms to
allow low impedance (break-away) after a predetermined force is

exceeded.

Movement Quality
Movement quality can refer to the extent to which the movement of
powered actuators replicates lifelike motion. Many upper limb component
actuators have crude singular velocity movements, which fall substantially
short of the natural rapid accelerations and decelerations of normal human
movement. In addition, it is common for amputees to overshoot the desired
joint position, which increases task time and cognitive load and ultimately
leads to frustration. As technology advances, the quality of movement of
prosthetic components may receive more attention, improving functional
outcomes and behavioral appearance.

External Power Source
Although unusual power sources, including compressed gas, rocket fuel,
methanol, spinal fluid, and implantable glucose fuel cells, have been
considered, all current available powered components rely on battery
power.31,32 A user may tolerate daily battery charging but may find
intraday battery replacement inconvenient, particularly if the second
battery must be carried in a pocket. Typical daily battery use expectancy
should be considered in component prescription because the charging
frequency may influence prosthesis acceptance.

Figure 3

Photograph of the FlexCell Mini, a flexible lithiumion polymer battery for use in upper limb prostheses. (Courtesy
of Infinite Biomedical Technologies, Baltimore, MD.)

Battery performance is dependent on several variables. Battery
technology determines the relative power density, with lithium-ion
batteries being the current standard. High power density is preferred
because longer performance can be achieved with a similar weight. From a
user’s perspective, it is desirable to have a battery last an entire day before
requiring recharging. The capacity of various batteries can be evaluated by
comparing the milliamp-hour (mAh) rating, with a higher number
representing increased time performance.26
Polymer batteries are packaged in a soft pouch, which decreases
weight and rigidity. These batteries are advantageous for prosthetic
applications because multiple thin flexible cells can be strategically
located, such as proximally placed cells that are contoured to the socket to
decrease perceived functional weight (Figure 3). Polymer batteries are not
the same as lithium-polymer liquid electrolyte batteries, although both
lithium-ion and lithium-polymer chemistries are available in flexible
polymer packaging.33
Powered prosthetic systems can operate at various voltages. For
prostheses with multiple powered components, the voltage of one
component may vary from another to maximize actuator performance. For
example, the elbow requires much higher torque than the thumb or fingers
because of the substantially longer forearm lever. To accommodate such
complexity, dual-voltage batteries are available, or (less preferably) two
batteries may be used.
User convenience is affected by the type and the placement of the
battery. Some batteries are internal and must be recharged using a charging
port before the prosthesis is usable. Other batteries are external
(removable) to permit a charged replacement battery to be used while the
depleted battery is being recharged. Batteries should be placed as
proximally as possible to diminish perceived functional weight and
maximize actuator capacity. Proprietary batteries may offer increased
performance, but come at the expense of limited local availability. Battery
charging times may become a factor if the amputee is not willing to carry a
second battery when the capacity is insufficient for a full day of use.

Prehensors
The compactness of the hand and its many functions make it difficult to
replicate in a powered prosthetic prehensor. To adequately replicate the

core grasps of the human hand, a prosthetic hand-like prehensor requires
three or four degrees of freedom: two for the thumb, one for the index
finger, and one for the remaining three digits.6 Limited space availability
restricts the size and number of motors available for use. Thus, prosthetic
hands are often underactuated, attempting to provide similar function with
fewer degrees of freedom and/or actuators.34
Electrically powered prehensors were developed more than a half a
century ago and remain commercially available in several forms.
Anthropomorphic prehensors take the general form of an anatomic human
hand (Figures 4 and 5), whereas nonanthropomorphic prehensors may be
formed in the shape of a hook or gripper (Figures 6, 7, and 8). Initially,
prehensors only provided one degree of freedom, with two or three digits
in opposition.35 Recent developments in powered prehensor devices have
focused on more anatomically influenced functional designs with the
thumb and the fingers having multiple degrees of freedom (Figure 9).
Similar to other powered components, most prehensor control
strategies have proportional and digital control variants and are
programmable to the user’s needs, whether using a single- or dual-site
control scheme. Regardless of type, all prehensors are limited to basic
grasping functions, without independent control of digits. For example,
although complex hands may offer several dozen grasps, hand function
does not allow for complex behaviors such as independent digit control
when typing or playing an instrument.
Anthropomorphic prehensors are available in various sizes to improve
cosmesis and minimize unnecessary weight. In individuals with a
unilateral amputation, the width of the contralateral metacarpophalangeal
(MCP) joints is typically measured to determine the appropriate hand size.

Single Degree of Freedom: Anthropomorphic Prehensors
Anthropomorphic prehensors with one degree of freedom (simple hands)
were the first commercially available electrically powered hands. Current
designs more closely mimic the shape of the human hand and have
revolute joints with one degree of freedom, with simple opening and
closing prehension. The mechanical digits and thumb interphalangeal (IP)
joints are rigid, with articulation located at the MCP joints and the
carpometacarpal (CMC) joint, respectively (Figures 4 and 5). Simple
hands are typically constructed of an inner actuator mechanism, an outer
hand-shaped form, and a cosmetic glove as a cover. Simple hands

generally have one or two motors to oppose the thumb against the first and
second digits. The third and fourth digits are passive and follow the motion
of the first and second digits.

Figure 4

Photograph of the Select Myo Electric Hand, an
anthropomorphic
single-degree-of-freedom
prehensor.
(Courtesy of Steeper, San Antonio, TX.)

As the digits and thumb of simple hands are oriented in fixed palmar
opposition, they are limited to a single palmar prehension grasp (also
referred to as three-jaw chuck or tripod prehension). To form palmar
prehension, the tips of the thumb, second digit, and third digit oppose until
they close or secure an object. This fixed configuration allows for
powerful, consistent, and durable thumb and digit operation when
grasping. Objects may be grasped using the palmar distal aspect of the
digits for a more precise-type grasp or by using a combination of the
palmar aspect of the digits and palm to create a power or cylindrical
grasp.36

Figure 5

Photographs of the MyoHand VariPlus Speed (left)
and the SensorHand Speed (right) without hand shells. These
are anthropomorphic single-degree-of-freedom prehensors.
(Courtesy of Ottobock, Austin, TX.)

The functionality of simple hands has been increased with the addition
of intelligent grasping. Sensors located in the thumb tip or actuator
transmission can limit grasp force or detect an object slipping and rapidly
respond with increased grasping force. Examples of prosthetic hands with
intelligent grasping are the SensorHand Speed (Ottobock) and the Motion
Control ProPlus hand with Force Limiting Auto Grasp (Fillauer).
Intelligent grasping substantially increases user function, prevents
dropping objects, and permits grasping of delicate objects. These types of
hands should be considered when prescribing simple hands because
amputees have substantial proprioception deficits.
Although simple hands may not be appropriate for all amputees
because of their singular grasping capability, they remain an appropriate
option for many individuals. Simple hands are appropriate for both
dominant and nondominant hand loss because the prosthesis primarily
provides a supportive role with basic grasping functions. Simple hands

provide unsurpassed durability because of their simplicity and, when
funding is limited, simple hands offer an affordable choice. The function
of simple hands may be increased with the addition of passive radial ulnar
deviation and/or wrist flexion/extension units.

Single Degree of Freedom: Nonanthropomorphic Prehensors
Nonanthropomorphic powered prehensors (utility prehensors) were
influenced by the desire to overcome functional deficits associated with
simple hands. Utility prehensors, often referred to as electric hooks or
grippers, are similar to simple hands because they simply open and close.
Utility prehensors have one or two motors and a single-degree-of-freedom
rigid orientation of revolute joints for oppositional grasping. These
prehensors sacrifice cosmesis for robust design, strong prehensor pinch
force, and increased visual feedback for finer motor skills and heavy-duty
work.35

Figure 6

Photograph of the AxonHook, an example of a
nonanthropomorphic prehensor with revolute, angular opening
and closing mechanisms. (Courtesy of Ottobock, Austin, TX.)

Utility prehensors provide basic tip, lateral, and cylindrical grasping.
The opening and closing configuration of these prehensor devices varies,
with the Greifer (Ottobock) having a parallel opening and closing
mechanism with a relatively large opening (Figure 8), whereas the
AxonHook (Ottobock; Figure 6) and the ETD hook (Fillauer; Figure 7)
have revolute, angular opening and closing mechanisms. Both the Greifer
and the ETD feature a safety release lever to disengage the fingers from
the gear train and passively release the grip of the device. The ETD is also
available with Force Limiting Auto Grasp. Utility prehensors may have
additional functions, including passive radial/ulnar deviation and/or wrist
flexion/extension.

Multiple Degrees of Freedom: (Multiarticulate)
Anthropomorphic Prehensors
Recent developments in myoelectric anthropomorphic multiarticulating
prehensors (complex hands) have resulted in a new generation of more
anatomically influenced designs with increased function. Complex hands
have more than one degree of freedom, with multiarticulating thumbs and
digits. Complex hands substantially increase the number of functional
grasping patterns available to the user, with some having more than 30
unique grasps or gestures.

Figure 7

Photographs of the ETD, a nonanthropomorphic
prehensor with a flexion wrist, depicting the flexion motion of
the wrist. (Courtesy of Fillauer, Chattanooga, TN.)

Figure 8

Photograph of the System Electric Greifer DMC
VariPlus, a nonanthropomorphic prehensor. (Courtesy of
Ottobock, Austin, TX.)

Figure 9

Photograph of the Evolution 2, a powered
prehensor with thumb and fingers with multiple degrees of
freedom. (Courtesy of Vincent Systems, Germany.)

Unlike the singular palmar prehension of simple hands, complex hands
add lateral prehension, permitting the thumb to be oriented in multiple
planes. Research on uninjured hands reported that palmar prehension was
the most widely used static grasp, whereas lateral prehension was the most
dominant dynamic grasp.26 From the lateral and palmar thumb positions,
many more power and precision grasps may be accessed. Additional
thumb and digit configurations are possible beyond grasps and are
classified as gestures. Examples of unique gestures include index finger
pointing for typing, the shaka (“hang loose”) sign, the “OK” sign, or the
“thumbs up” sign. Many complex hands allow the creation of custom
gestures and grasps for each user.
Although accessing many grasps and gestures can increase the
functional outcomes of the user, ease of access may become a limiting
factor.36 The gadget tolerance of the user should be carefully considered

when prescribing complex hands because the user’s tolerance may need to
be fairly high, depending on the number of grasps and gestures available
and how many will be used. Equally important is how easily and rapidly
the grasps and gestures can be accessed.
There are multiple ways to access the various grasps and gestures of
complex hands. Triggers, including single-peak, double-peak, and cocontraction input signals, will allow the user to switch grasps. In the
Evolution 2 hand (Vincent Systems), a single trigger allows access to all of
its grasps and gestures (Figure 9). The bebionic3 hand (Steeper) allows
access to grasps and gestures with an external switch mounted on the back
of the hand and/or an input trigger (Figure 1). The grasps and gestures of
the i-limb quantum (Touch Bionics; Figure 10) can be accessed with
multiple input triggers, mobile devices, “grip chip” proximity chips
(Touch Bionics), or with coordinated prosthesis movements (intelligent
motion [i-mo; Touch Bionics] gesture control).
In addition to grip chips, the Morph system (Infinite Biomedical
Technologies) can be placed inside the socket proximal to the prosthetic
wrist, providing proximity chip/tag compatibility for many complex hands
(Figure 11). Desired grasps or gestures can be easily and quickly accessed
when the prosthesis is positioned within the sensitivity of a strategically
placed proximity chip/tag (for example, accessing an index finger pointing
gesture when near a keyboard for typing). The user is also able to access
additional grasps by manually stalling the desired finger(s) during
actuation or manually moving the thumb, as is done with the bebionic
hand.

Figure 10

Photographs of the i-limb Quantum hand with a
flexion wrist. This complex hand has fingers and thumbs with
multiple degrees of freedom. (Courtesy of Touch Bionics,
Mansfield, MA.)

Although complex hands have much more functional capacity than
simple hands, their designs may limit their application. With five to six
motors compared with the single motor of simple hands, opposition forces
may be decreased and there may be an increase in electrical current draw,
increasing intraday battery depletion. However, larger capacity batteries,
up to 2,000 mAh and 7.4 volts, are available to increase usage time if
space and weight tolerance permits. With many more points of
articulation, plastic instead of metal frames, and/or a decrease in thickness,
complex hands are not as durable as simple hands. Manufacturers
generally recommend complex hands be limited to light- or medium-duty
activities. These factors should be considered when prescribing these
anthropomorphic prehensors.
An in-depth description of each complex hand design, characteristics,
and features is beyond the scope of this chapter, particularly because there
are many sizes and variations available. However, four commercially
available complex hands will be briefly described: the Michelangelo hand
(Ottobock; Figure 12), the bebionic hand (Figure 1), the i-limb hand
(Figure 10), and the Evolution 2 hand (Vincent Systems; Figure 9).

The Michelangelo Hand is unique from other complex hands because
of its simpler finger mechanisms. Although this hand has fingers with one
degree of freedom, the thumb increases function beyond that of simple
hands because it has two degrees of freedom, representing the anatomic
thumb CMC joint. Each finger consists of one single rigid lever, with one
revolute joint providing articulation similar to the MCP joint of the human
hand.37,38 All five fingers are actuated simultaneously by two electric
motors driving a cam mechanism. Unlike the fingers, the thumb can
accomplish multiarticulations, with two revolute joints arranged in series
to mimic the anatomic thumb CMC joint. A small electric motor prepositions the thumb in either palmar or lateral prehension before
performing a task.36 Although the Michelangelo Hand is not compatible
with other quick-disconnect prehensors, the AxonHook is available as an
interchangeable utility prehensor, and the optional AxonRotation wrist
rotator (Ottobock) provides powered pronation and supination.

Figure 11

Photograph of the Morph system, a proximity tag
system that allows easy access to desired grasps and
gestures. It can be used with many multiarticulating hands; it is
shown here with a bebionic hand. (Courtesy of Infinite
Biomedical Technologies, Baltimore, MD.)

Figure 12

Photograph of the Michelangelo Hand with wrist
flexion and extension. This complex hand has fingers with one
degree of freedom and a thumb with two degrees of freedom.
(Courtesy of Ottobock, Austin, TX.)

Unlike the Michelangelo Hand, the i-limb, the bebionic, and the
Evolution 2 hand designs have fingers and thumbs with multiple degrees
of freedom. Unlike the three flexion degrees of freedom of anatomic
fingers, the fingers of these complex hands are individually actuated with
two revolute single-degree-of-freedom joints (small hand sizes may have
only one degree of freedom).36 Generally, digits two through five
articulate similarly to the anatomic MCP joint and distally at a single IP
joint, representing both proximal interphalangeal and distal interphalangeal
anatomic joints.37 The fingers of multiarticulating digit hands curl when
flexed, allowing them to conform around the object being grasped. These
hands, excluding some smaller versions, typically have five to six motors,
with one motor to independently actuate each finger.

Figure 13

Photograph of the anthropomorphic one-degreeof-freedom Motion Control ProHand with Multi-Flex Wrist. This
spring-loaded wrist provides flexion and extension and radial
ulnar deviation. (Courtesy of Fillauer, Chattanooga, TN.)

The thumbs of multiarticulating digit hands differ from the fingers in
that each have one revolute joint for circumduction to mimic the CMC
joint and one revolute joint for flexion to mimic the MCP joint. The
bebionic hand has an additional single-degree-of-freedom revolute joint to
mimic the IP flexion articulation of the human thumb. The thumbs of
multiarticulating digit hands have the ability for circumduction into
opposed palmar or nonopposed lateral positions, increasing the number of
functional hand grasping options.38 Thumb circumduction pre-positioning
may be accomplished with an actuator or manually by the user, depending
on the type of prosthetic hand.
The fingers of some multiarticulating digit hands are not coplanar;
instead, they are arranged in an arc to adduct during flexion, providing
better grasp of spherical objects or thin objects, such as a credit card
between the fingers. Conversely, the overall width across the fingers
increases as the fingers abduct during extension. To protect
multiarticulating fingers and drive mechanisms, each hand is available
with a cosmetic glove and has a built-in compliance to permit joint
articulation when an unexpected force is applied.37
Many of the complex hands also have the option to increase user
function with the addition of wrist degrees of freedom, such as manual
radial/ulnar deviation and/or wrist flexion/extension (Figures 10 and 12).

Wrist Components
The recent technologic advances in upper limb powered prostheses have
primarily focused on the anthropomorphic prehensors, increasing the
number of degrees of freedom and grasp patterns. However, it is also
important to consider the functional role of the anatomic wrist and
forearm. Although the human hand is the most functional part of the upper
limb, its dexterity is highly dependent on wrist function, particularly for
tasks requiring manipulation. For example, many hand grasp patterns
would either be useless or require exaggerated compensatory movement
from the proximal joints and torso if it were not for the exceptional
positioning capabilities of the wrist.29,39,40 Although research and
development of prosthetic wrist components have demonstrated increased
function, commercially available options offer limited functionality.28 In a
survey, transradial amputees ranked improved wrist function as three of
the four highest desired functions, whereas transhumeral amputees ranked
it as two of the highest four desired functions.41
Prosthetic wrists not only mimic anatomic wrist motion, but also
provide functional requirements unique to individuals with upper limb
amputations. Prosthetic wrists reduce compensatory movements that may
occur in the elbow, shoulder, and/or torso.29,39,40 The reduction of
compensatory movements is highly desirable because it may increase user
comfort and reduce the risk of secondary complications, including overuse
injuries.42,43 In addition, prosthetic wrists may increase socket comfort
because of decreased reaction forces acting on the residual limb.5

Characteristics of Prosthetic Wrists
Just as anatomic wrist function occurs in both the hand and forearm,
prosthetic wrist function may occur in several components, including the
forearm, wrist, and/or prehensor. For example, an amputee may have wrist
function with two degrees of freedom, with supination and pronation in the
wrist component and flexion and extension in the prehensor (Figure 13).
For this chapter, prosthetic wrist motion includes all wrist motion
regardless of where it mechanically occurs, because function supersedes
location in fulfilling user needs.
Prosthetic wrists may offer one, two, or all three degrees of freedom in
various axial configurations. In their simplest form, externally powered
wrists provide at least one wrist degree of freedom with a rotation-based
quick-disconnect mechanism. Additional degrees of freedom may increase

function through improvement of hand placement and object manipulation,
but this increased function will likely come at the expense of increased
weight, length, complexity, and cost. Longer transradial amputations may
have space constraints that further limit the possible degrees of freedom.
For powered upper limb components, most prehensors connect using a
quick-disconnect wrist, an unofficial industry standard connection
common to all externally powered prehensors (excluding the Michelangelo
Hand and the AxonHook). The quick-disconnect wrist enables easy
exchange of prehensor devices; it is composed of a female housing in the
prosthetic forearm that secures to a male ball retention mechanism in the
prehensor. The quick-disconnect wrist provides power and communication
for the prehensor using a four-conductor male coaxial plug in the wrist and
a mating female connector in the terminal device. The quick-disconnect
wrist releases by rotating the prehensor clockwise or counterclockwise
approximately 330° until it releases. A prehensor may be inserted into the
quick-disconnect wrist in any rotational orientation, requiring 330°
rotation from the initial position for release. Although prosthetic hands are
not frequently interchanged with other hands, they are frequently
interchanged with nonanthropomorphic prehensors, such as converting
from a hand for social situations to a utilitarian prehensor for occupational
tasks and/or hobbies. The externally powered quick-disconnect wrist is not
the same as a body-powered quick-disconnect wrist. The former has a
larger diameter and requires a unique coupler to connect body-powered
terminal devices to an externally powered wrist base.
The range of motion (ROM) of prosthetic wrists may vary by
amputation level and is accomplished by various mechanical forms.
Prosthetic wrists typically have less ROM in both flexion and extension
and radial and ulnar deviation than that observed in anatomic wrists;
however, all prosthetic quick-disconnect wrists exceed anatomic function
in supination and pronation because they rotate a minimum of 300°. The
three degrees of freedom of the anatomic wrist may be mimicked
mechanically using several joint mechanisms in various configurations.
Prosthetic wrist motion may be passive or active, with the latter
requiring external power. The joint impedance varies by joint motion.
Passive wrist motion may have minimal impedance (free, unlocked),
moderate impedance (friction), high impedance (locked), or minimal
impedance with a centering force (spring-loaded). The supination and
pronation of the quick-disconnect wrist has moderate impedance, with

indexed positions every 15°. As the quick-disconnect wrist does not have a
locking feature, powered prehensors have limited supination and pronation
stability, even with active wrists.
Control strategies for passive wrists impose a relatively low cognitive
burden because the position of the wrist can be rapidly achieved and is
typically maintained throughout a task. In addition, some passive wrists
adapt to applied forces, moving from a neutral spring-loaded position
when force is applied and then returning to the neutral position when the
force is removed; this strategy further reduces cognitive burden. Passive
wrists typically provide dual-state impedance with free and locked indexed
positions that allow the prehensors to be prepositioned as desired, then
secured during tasks.43 For such wrists, the unilateral amputee may
position the prehensor using the intact hand, by nudging the prehensor
against an object, or by securing the prehensor to the object and using
compensatory motion to achieve the desired position. For passive
supination and pronation of a quick-disconnect wrist, the unilateral
amputee often positions the wrist with the intact hand because this is the
quickest method.
To use an active wrist, there are frequently insufficient control sites to
offer simultaneous control, although such control is possible in a hybrid
design or with advanced surgical techniques such as targeted muscle
reinnervation. Subsequently, control strategies for active wrists may
impose a higher cognitive burden because the amputee must mode shift
active control sequentially from the prehensor to the wrist and vice
versa.44
Powered wrist function is currently limited to single-degree-offreedom supination and pronation (Figure 14). Although powered wrist
rotators may provide continuous motion exceeding 360°, limiting the
supination and pronation end points using software may increase user
function by preventing overshooting the ROM typically used for
accomplishing ADLs. The AxonRotation wrist rotator returns to a natural
hand position after not being used for a set amount of time. Although wrist
rotators can provide substantial actuation torque, rotational stability is
limited to the friction of the quick-disconnect wrist mechanism. In
preparing for elective amputations, the length of a powered wrist rotator
should be considered if its use is anticipated because these components are
substantially longer than other wrist components.

Figure 14

Photograph of the ProWrist Rotator, which allows
supination and pronation. (Courtesy of Fillauer, Chattanooga,
TN.)

Discussion
It is easy to overlook the importance of wrist function in positioning the
prehensor for optimal function. Restoration of wrist function is not only
essential for bilateral amputees,21 but also provides benefits for unilateral
amputees. Examples of common ADLs that may benefit from the
increased functionality of a wrist with multiple degrees of freedom include
threading a belt, tucking in a shirt, eating, operating a zipper, removing a
wallet from a back pocket, hammering a nail into a wall, opening a door,
holding a cup, driving a car, tying shoelaces, holding a clipboard, and
carrying objects in the hand.29,39,45 For amputations at or proximal to the
short transradial level, full wrist function is desirable and should be
provided if the user can tolerate the additional weight. For longer
transradial amputations, the user’s residual supination and pronation may
be sufficient, eliminating the burdens associated with the space
requirements, power, cost, and weight that accompany restoration of full
ROM.

Figure 15

Photograph of the Boston Digital Arm with a
prosthetic revolute elbow providing one degree of freedom.
(Courtesy of Liberating Technologies, Holliston, MA.)

When the provided wrist function is limited to passive supination and
pronation of the quick-disconnect wrist, it should be placed in an optimal
orientation to minimize unnecessary compensatory motions of the shoulder
and elbow. This optimal orientation may not be perpendicular to the elbow
axis. Although research on anatomic wrist function during ADLs suggests
an orientation in ulnar deviation and extension as the most important
alignment considerations,41,45 the optimal wrist orientation for ADLs has
yet to be identified because none of the tested wrist orientations
systematically decreased compensatory motions.17
Because prosthetic wrists currently do not mimic the three degrees of
freedom provided by an anatomic wrist, the question of which degrees of
freedom to restore is important. Although priorities are not clearly defined,
research indicates that wrist flexion and extension substantially improves
prosthesis usefulness in more activities and with a more natural motion.5
However, consideration may be given to sacrificing hand function to
increase wrist function because research indicates that complex prosthetic
hands cannot be fully functional with a simple wrist rotator. Instead, a
simple hand combined with an advanced wrist may provide similar
function at a substantially reduced cost.19

Certain movements, such as those required for ADLs, would not be
possible without prosthetic wrist function, such as using wrist flexion to
tuck a shirt into pants.5,40 Even the restoration of two degrees of freedom
may prove insufficient because flexion and extension are not sufficient to
enable all essential activities.40 However, the combination of flexion and
extension and supination and pronation enables amputees to perform many
tasks commonly taken for granted.

Elbow Components
The elbow is the simplest of the anatomic arm joints to mimic
mechanically, requiring only single-degree-of-freedom forearm flexion
and extension. However, the elbow has substantially higher force
requirements than the wrist and hand because of the proportionally longer
forearm lever. Elbow function presents design challenges for powered
prosthetic elbows because speed and torque are often competing
mechanical design goals, especially when weight is a priority.
Functionally, the elbow effectively increases or decreases arm length,
positioning the hand closer or farther from the body.46 The elbow is
essential for many ADLs, permitting the hand to perform tasks close to the
body, including bathing, toileting, brushing teeth, and holding a mobile
phone. The elbow also extends arm length to permit tasks away from the
body, including steering a car, typing, and shaking hands. The elbow also
bridges the gap between distant objects and the body, which is essential for
tasks such as eating and opening doors.
The anatomic elbow has dynamic control, providing slow movement
throughout its ROM, maintaining a flexed position, or supporting partial
body weight while increasing or decreasing arm length.46 The elbow is
equally adept at rapidly changing its position, actively or passively (with
gravity).
Although it may be easy to increase prosthetic elbow actuator torque, it
is difficult to simultaneously keep the elbow lightweight and/or retain fast
actuation. To statically maintain a flexed position, prosthetic elbows must
continuously draw electrical current or increase both complexity and
weight with clutch mechanisms. Thus, although the anatomic elbow is
functionally simple, mechanical replication requires compromises.
In addition, although the anatomic elbow has only one degree of
freedom, the prosthetic elbow adds an additional degree of freedom,

providing humeral internal-external rotation proximal to the elbow joint.
The soft tissue of the transhumeral residual limb, coupled with the
cylindric shape of the residual humerus, precludes an effective coupling to
permit transfer of residual humeral rotation to the prosthesis. Many
transhumeral socket designs inhibit anatomic humeral rotation to enhance
socket comfort and increase socket stability.

Characteristics of Prosthetic Elbows
Because the elbow is essential for ADLs, all prosthetic elbows seek to
mimic anatomic elbow function. Prosthetic elbows are one-degree-offreedom revolute joints, with ROM from 0° (full extension) up to 150°
(maximum flexion). Actuation is provided by body power or electric
motors (Figures 15 and 16); the latter being capable of higher torque, but
increasing the overall weight of the prosthesis. Most electric motors are
housed in the proximal elbow segment to reduce functional weight and
increase lift capacity, although some may be located in the forearm.
Prosthetic elbows suitable for use with externally powered prostheses
can be divided into two general categories, body-powered and externally
powered devices. Body-powered elbows that are compatible with
externally powered components may be referred to as hybrid elbows.
These hybrid elbows are similar to traditional body-powered elbows
because they harness glenohumeral flexion and/or biscapular abduction for
elbow flexion. They differ in that they add cable routing for powered
batteries, inputs, and/or prehensors.
Hybrid elbows can be further distinguished by the type of elbow lock
they provide, body-powered (with a harness) or electrical (with switches or
myoelectric inputs). Hybrid elbows become advantageous when weight,
cost, strength, ROM, and limb lengths are concerned. However, as bodypowered elbow flexion requires 11.5 cm (4.53 inches) or more of cable
excursion, hybrid elbows have a limited working envelope.21
Externally powered elbows actuate elbow motion using a combination
of electric motors, transmissions, clutches, and flexion-assist mechanisms.
Although an in-depth discussion of elbow drivetrain characteristics is
beyond the scope of this chapter, several features will be discussed.
Typically, brushless electric motors are used because of their increased
power density and durability. To optimize motor power, externally
powered elbows may use a higher voltage than found in prehensors,
necessitating battery accommodation. A flexion-assist mechanism may be

present (also available in hybrid elbows) to provide a counterbalance to the
gravitational force on the forearm and prehensor. Although a flexion-assist
mechanism adds to the overall weight, the live lift (active lift force)
capacity is increased and shear forces on the residual limb are decreased.21
Although elbow function during powered motion is commonly
considered, passive function when the limb is not actively engaged in
prehensile tasks is also important. For example, during ambulation, elbows
may offer a free-swinging mode to permit natural arm swing and reduce
the extent to which the weight of the elbow disrupts the smoothness of the
user’s gait. However, direct drive designs likely draw electrical current
when in free-swinging mode.

Figure 16

Photographs of prosthetic elbow components. A,
The Utah Hybrid Arm. B, The Utah Arm 3. C, The Utah Arm 3+.
(Image courtesy of Fillauer, Chattanooga, TN.)

Because some control strategies only permit operation of one degree of
freedom at a time, the user often positions the elbow to a desired position
before switching to prehensor control. When not under control, a
mechanism must stabilize the elbow position. Although flexion-assist
devices aid in stabilization, they lack sufficient force to “lock” the elbow.
Functional elbow stabilization may come from a locking mechanism or
from an anti-backdrive motor. The latter may decrease battery capacity,
even though no elbow motion occurs. Elbow stability when locked
determines the static lift capacity or the maximum weight the user may lift
while the elbow is in a locked position (without overriding protective
clutch mechanisms).
All commercially available prosthetic elbows provide passive humeral

rotation using a one-degree-of-freedom revolute joint that is perpendicular
to the elbow axis. The humeral rotational joint is positioned proximal to
the elbow joint, providing internal and external rotation. Joint impedance
is typically moderate (user-adjustable friction). Whether joint friction will
be adjusted internally or externally should be considered in the prosthesis
design, because the former may require an aperture for access. Although it
would be mechanically possible to include forearm supination and
pronation along with humeral rotation in a prosthetic elbow joint, this
option is not offered in any of the commercially available products.
Experimental, powered humeral rotational components have been
developed; however, because active control of this movement is a lower
priority than other functional deficits, these components are not likely to
become commercially available until control bandwidth is increased.47
To provide increased humeral rotational stability, an optional Locking
Humeral Rotator adapter (Liberating Technologies) provides positioning
with intermittent high (locked) and low (unlocked) impedance in 15°
increments. The adapter can be used with existing prosthetic elbows,
adding 12 mm (0.47 inch) in overall height, and has lever or cable release
actuation such as a chin-actuated nudge switch or harness strap in parallel
with the elbow lock.48

Discussion
Powered elbows may be appropriate for many amputees. The most
important advantage is the elimination of control harnessing for elbow
joint actuation, with a subsequent increase in wearing comfort and
expansion of the working envelope. Users with short residual limbs,
limited strength, and/or limited ROM may benefit from powered elbows,
particularly because of the increased lifting capacity. However, some users
may find the increased weight, limited battery capacity, and/or lack of
simultaneous elbow and prehensor control too burdensome.

Figure 17

Photograph of a shoulder component with an
electric
lock
actuator
that
permits
changing
the
flexion/extension axis from locked to free swinging (Courtesy of
Liberating Technologies, Holliston, MA.)

Functional differences, including maximum flexion angle, live lift
capacity, weight, flexion speed, and compatibility with the desired
prehensors, can be considered when distinguishing between prosthetic
elbows. The maximum flexion angle determines how close the user can
bring the prehensor to his or her face, such as when eating, without the
need for compensatory motion. Live lift capacity determines the maximum
weight of objects that can be actively picked up by the elbow; this
characteristic is of particular importance for bilateral prosthesis users. The
weight of the prosthesis can also be a determining characteristic.
Although powered elbow control strategies are similar to those of
prehensors with proportional and digital sequential control variants, hybrid
elbows offer an advantage worthy of mention for transhumeral amputees.
By using a body-powered harness to control elbow flexion in parallel with
the myoelectric signals of the biceps and triceps for prehension,
simultaneous two-degrees-of-freedom elbow control and prehensor control
can be achieved. However, although simultaneous control is gained, many

advantages of myoelectric prostheses (such as an expanded working
envelope and increased live lift capacity) are lost with increased
harnessing requirements. Although it is also possible to have a hybrid
combination of a body-powered prehensor with an externally powered
elbow, this configuration is less common.

Shoulder Components
Shoulder disarticulation and other higher-level amputations are
uncommon.49 There are few commercially available prosthetic shoulder
component options, none of which provide actively powered humeral
flexion and extension or abduction and adduction. Although actively
controlled shoulder components have been developed, the commercially
available shoulder components only have passive actuation and are similar
to those used with body-powered prostheses.50,51 A shoulder component
with an electric lock actuator is available, enhancing function for those
with high-level amputations and providing essential function for bilateral
amputees if mechanical release levers are not a viable option (Figure 17).
Prosthetic shoulder components offer two degrees of freedom, with
flexion/extension and adduction/abduction. Anatomic humeral rotation is
not provided because prosthetic elbows provide this degree of freedom.
The shoulder component may be functionally described as a revolute low
impedance (free-swinging) joint with 36 high impedance (locking)
positions (at every 10°) for the flexion/extension axis. In
adduction/abduction, the joint has a second revolute axis with user
adjustable impedance (friction) positioned perpendicular to and
functioning in parallel with the flexion/extension axis. An optional
abduction ratchet is available to permit incremental abduction positioning
and may be disengaged when friction adjustment is preferred. The
shoulder component can be adapted for use with endoskeletal or
exoskeletal systems and has a central aperture for proximal electrode
and/or battery cabling.
Although joint activation for both axes is passive, the user may activate
an electric lock actuator to change the flexion/extension axis from locked
to free swinging. To passively position the flexion/extension axis, the user
activates the electric lock actuator using an appropriate input (such as a
switch or myosite) and uses trunk flexion to facilitate gravity-assisted
humeral flexion to achieve the desired shoulder flexion/extension. After

the desired position is attained, the user again activates the electric lock
actuator to secure the joint in the next extension increment. During
ambulation, the flexion/extension axis may remain unlocked for natural,
passive arm swinging motion.

Summary
Powered prosthetic components have advanced substantially over the past
decade, particularly with the recent commercial availability of
multiarticulating digit hands. It is hoped that the advanced powered wrist
and shoulder components that have been developed for research will soon
become commercially available. Despite the advancements, much work is
still needed to restore individuals with upper limb amputations to biologic
normal states, as evidenced by current prosthesis abandonment rates.
As more complex components become available, it will become
increasingly difficult for clinicians to remain abreast of individual
component features. Understanding the important functional
characteristics of upper limb prosthetic components may help clinicians to
combine such components synergistically to achieve an optimal prosthetic
solution for their patients.
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Abstract
The control of externally powered arm prostheses requires inputs from the
body to be converted into electrical signals that can be interpreted by an
electronic controller. The role of the clinical team is to match the control
strategy of the prosthesis to the capabilities and needs of the individual user.
There are many types of input forms (electromyography, linear
potentiometers, force-sensing resistors and servos) and many types of control
strategies (single-site, dual-site, and switching) available to meet the
individualized needs of prosthesis users. Newer forms of input and control,
such as implantable electrodes and the recognition of patterns of muscle
activity, have the potential to expand the capabilities of computer-based
controllers.
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Introduction
The control of the unimpaired body is accomplished by a complex set of
interconnected systems. The central nervous system coordinates these
systems, adapting them to specific tasks. Competence in coordinated

movements is achieved through repetition and practice, beginning at the
earliest stages of human development. With full or partial limb loss or
absence, the prosthetic replacement device is designed to replicate lost
function; however, it cannot accomplish these functions as easily or as
effectively as a natural limb.
To control a modern prosthesis, inputs must be derived from signals or
movements of the body and/or the residual limb that can be captured and
easily used. For body-powered devices, the control input and the power of
motion are derived from cable excursion and force. For individuals who
are unable to generate sufficient body-powered input control because of
inadequate limb length or limitations in strength or range of motion, or for
those users who choose not to use these methods, externally powered
control (such as battery power) can be provided. Externally powered
control reduces the force and movement required to activate a control
input. In the most common application, myoelectric control eliminates the
need for both force and movement. The role of the prosthetics team is to
identify usable inputs and capture them to allow easy and unambiguous
control of the prosthesis. The choice of control inputs are affected by the
many practicalities of creating a reliable and easily usable device.
Practicality may limit the choice of solutions, with the preclusion of
devices that are difficult to operate or less reliable.

Kinesiology of the Upper Limb
The arm is used to place the hand in the correct position and orientation to
manipulate an object, and the hand is shaped to perform the manipulation
task. Both acquired amputation and congenital limb absence eliminate
several of the degrees of freedom from the upper limb, which would
otherwise be used in positioning and manipulating the hand. In prosthetic
replacement, the movements of the prosthesis and its governing control
inputs must come from the remaining motions or signals of the body. The
level of limb absence determines the extent of the required substitutive
prosthetic motions. This creates a paradox because the shorter the length of
the residual limb, the fewer the number of available control inputs;
however, there is a greater number of joints that must be controlled by the
remaining control inputs. The reduction in the number of control input
options generally results in the need to reduce the number of actively
controlled prosthetic joint motions and/or provide shared control of the

remaining prosthetic joint motions (for example, using the same control
inputs to govern both prehension and wrist rotation). In such instances, the
simultaneous control exerted in a physiologically sound upper limb is
replaced by a prosthetic arm that may require a series of sequential singledegree-of-freedom actions, with the operator switching active control
between different prosthetic actions. This operation is slower than the
parallel, simultaneous motions of an able-bodied individual. As a result,
the prosthesis user may, at times, choose to neglect the use of sequential
prosthetic motions and compensate with increased motions of the sound
limb, the body, or the proximal joints of the affected upper limb. An
example is the use of compensatory humeral abduction to functionally
replace wrist rotation.1 However, although such compensatory motions
may be quicker and easier to use, they may also lead to overuse injuries
because they require a greater range of motion, higher forces, or more
repetitions.2 The clinical team should be aware of such compensatory
strategies and caution the prosthesis user to guard against them to the
extent possible.
Whether the limb absence is the result of amputation or a congenital
abnormality, the musculoskeletal structure of the residual limb is an
important determinant of the choice of control options. The type of
prosthesis and form of control depend on the capabilities of the user. Prior
to fitting the prosthesis, the clinical team should assess the ability of the
user to generate different control signals. It is important to consider which
signals can be easily and progressively generated and those that are
separable from other control signals. Inputs that do not create incidental,
unintended signals during other activities (such as when the individual
wishes to use the prosthesis to carry an object or extend the prosthetic limb
away from his or her body) should be established. For example, in a
prosthesis using myoelectric signals of the biceps to control a powered
elbow joint, unwanted elbow motion may result from incidental movement
of the humerus within the socket, requiring refinement of electrode site
selection and settings. Ultimately, the control strategy of an upper limb
prosthesis should be able to position the prosthetic joint without creating
inadvertent motion of the prosthesis.
The general philosophy behind the control of a joint is the same
irrespective of the input sources. Across the major joint systems of the
upper limb (elbow, wrist, and hand), traditional control of externally
powered prosthetic joint motions uses two inputs to control the movements

in opposing directions, often termed dual-site control. Examples include
using two opposing input signals to open and close a hand, flex and extend
an elbow, or pronate and supinate a wrist. When possible, the two input
sources tend to be in opposition, such as using electromyographic
signaling of flexor and extensor muscles of the forearm to control
prehension of a terminal device. This antagonistic type of control is
physiologically very natural and intuitive for the patient to learn.
When control of a second mechanical joint motion is required (for
example, prosthetic wrist rotation), a common control strategy is to switch
the active control of the input signals between the different joint motions.
Common switching strategies include the following: (1) using
simultaneous co-contractions of the two command muscles, (2) the use of
four-channel multistate myoelectric control systems, or (3) the addition of
a third distinct electrical switch to cycle control between the different
joints. In the first mentioned strategy, the user would need to quickly and
simultaneously co-contract the command muscles to select the wrist
rotator function and preposition the hand in the correct amount of
pronation and supination before co-contracting the command muscles a
second time to return to hand function. In the second strategy using a fourchannel control system, the state of the active control of the prosthesis (for
example, wrist rotation or hand prehension) is determined by the
amplitude and the rate of the input muscle contractions; this strategy may
improve the speed of sequential control. The third strategy of using a
distinct electrical switch requires an additional body motion to engage the
switch and alter which joint or component is under active control.
In addition to the delays associated with sequential prosthetic control,
the provision of additional prosthetic movements using active, externally
powered control requires extra motors, adding to the weight of the
prosthesis. A common compromise is to choose only the most effective
actively controlled devices or components and allow the user to
compensate in achieving other movements through other body motions,
passive positioning of the prosthesis, or an increased reliance on the
contralateral limb.

Myoelectric Control Options
The most common input for powered prostheses is myoelectric signals.
These signals are associated with muscular contractions and are appealing

as a source of control information because they eliminate the need for a
control harness and expand the functional working envelope of the
prosthesis. To generate the input signal, the user is required to contract a
specific muscle. If the muscle is physiologically associated with the
movement of the joint being replaced, there is a native association between
the intent and the action controlled.

Myoelectric Signal
Muscles are composed of many individual fibers.3 Signals from the nerves
cause the muscle fibers to contract and produce a small twitch. A
continuous smooth contraction is created by many fibers firing
asynchronously through the body of the muscle. To increase the force of
the contraction, fibers can fire more often and more fibers can fire at the
same time. When the muscle fibers twitch, they generate a small spike of
electrical activity that can be detected by external electrodes. If an
electrode is placed against the skin over the belly of the muscle, it can
detect the electrical spikes from many fibers throughout the muscle. The
intervening tissues tend to attenuate some of the electrical signal and will
affect the time that the signal takes to travel from the muscle fiber to the
electrode. Thus, the input signal ultimately detected by a surface electrode
is the sum of numerous electrical impulses over both time and distance.
The result is a noisy, low-frequency signal in which the amplitude of the
signal is approximately proportional to the level of the muscle
contraction.3

Figure 1

Photograph of two commercially available
electromyographic amplifier/processors. Both devices provide
the same functions, and the packages have similar overall
dimensions. The level of amplification is adjusted with the slot

on the right side.

The devices used in prosthetic applications are generally referred to as
electromyographic electrodes, but they are more correctly identified as
electrodes, amplifiers, and filters.4 The myoelectrodes currently used in
prostheses generally include electrodes, amplifiers, and filters in a small
package. Most manufactured electrode packages have the same overall
dimensions (Figure 1). The electrodes read the signal from the underlying
muscle, filter out the interference, and amplify the signal before
determining the average amplitude and passing it on to the controller. The
resultant output signal is a single, simple, slowly varying voltage that can
be used to control the speed or position of the prosthesis.
The signal detected from a single electrode contact has a great deal of
associated electrical noise (interference), which can originate from various
external sources, including power lines, lighting sources, motors, and
generators. The electromyographic amplifier/processor removes this
interference by determining the difference between signals received from
two closely positioned contacts. After the electrical signals common to
both contacts (the noise) is removed, the remaining difference in the
signals represents the user-generated signals from the muscle. Because
these remaining signals are quite small, they require substantial
amplification (approximately 1,000 times). This underscores the clinical
importance of keeping both of the paired electrode contacts of the
myoelectrode in contact with the underlying skin.
In addition to contained electrode packages, remote electrodes also can
be used, often in conjunction with a silicone liner. These electrodes are
metal contact domes that are wired to a remote amplifier/processor unit
(Figure 2). However, separating the circuitry that filters the signal from
the electrode contacts makes it more likely that the connection wires will
pick up stray external signals. This potentially results in control signals
that are more prone to interference because any electromyographic
electrode/amplifier combination can pick up external electrical
interference. Therefore, careful consideration and construction of the
definitive prosthesis is necessary.

Figure

2

Photograph
of
an
electromyographic
amplifier/processor with remote electrode contacts. The three
lower cables attach to dome electrodes, and the upper cable
attaches to the controller.

Myoelectric Control Variables
The ultimate level of the myoelectric input signal depends on the strength
of the muscle (varying with the level of muscle fatigue), location of the
electrode relative to the muscle (variable, in some instances, because the
socket moves on the remnant limb), and interface between the skin and the
electrode (variable because increased moisture associated with sweat
improves contact and makes the signal larger).

Dual-Input Myoelectric Control Strategies
In its most common applications, a pair of opposed muscles is used to
control the movement pattern of a prosthetic joint because this results in
the most physiologically natural control. If a pair of myoelectric signals is
used, the input signals generally originate from antagonistic muscle bellies
positioned in opposition across a joint. For example, the flexor and
extensor muscles of the absent wrist are often used to control the opening
and closing of the hand. With adequate training, many users can generate
two discrete electromyographic control signals. The term direct control is
increasingly used to describe the clear association between the activation
of a target muscle as a control input for a desired movement. Pattern
recognition, which is described later in this chapter, represents an

alternative option to direct control in which this clear association is no
longer present. In addition, the conscious activation of both muscles
simultaneously (termed co-contraction) is a learned skill that can be used
to switch between different prosthetic functions as previously described.
In the earliest versions of amplifier/processor electrodes, there was a
threshold on the amplitude signal, and only “on” (above threshold) or “off”
(below threshold) signals could be generated. These so-called digital
electrodes could only control prosthetic componentry at a single speed.
Although infrequently used, these digital systems are still a commercially
available option for patients who are incapable of generating myoelectric
signals high enough to benefit from proportionately controlled systems. As
improved and more compact electronics have been developed, this
approach has been steadily replaced by proportionally controlled analog
amplifiers and processors in which the output voltage is proportional to the
amplitude of the input electromyographic signal.5
Some prosthetic device users are unable to consistently generate
distinct single-muscle input signals in dual-site control strategies without
incidental, unintended co-contractions. In such instances, alternative
programming strategies can be used to augment the reliability of the signal
inputs. In the “first-come-first-serve” or “first over” strategy, the processor
responds to the first input signal that crosses its “on” threshold, ignoring
any signals subsequently generated by the other muscle signal. In
“differential control,” the processor is governed by the difference in
amplitude between the two muscle input signals, even if both have
exceeded their respective thresholds.
When two joints are to be controlled with a dual-site strategy, each
input signal can be used to control multiple available movements. This is
seen in multistate, rate-sensitive control strategies. In the most common
example of four-channel processing (also termed fast access), dual-site
electrodes each govern three rate-dependent “states” of prosthetic control.
The prosthesis is in its resting state when the amplitudes of the input
signals remain below their “on” thresholds. When the input signals exceed
their thresholds, the prosthesis goes into one of two remaining states based
on the rate of the increasing input signal. In its most common application,
dual-site, low-rate input signals control the opening and closing of the
hand, whereas dual-site, high-rate input signals control pronation and
supination of the wrist.

Single-Input Myoelectric Control Strategies
Less frequently, a patient may only have a single viable muscle belly for
myoelectric control. There are a number of single-input control strategies
for such scenarios. One variant is seen in the single-input single-level
control strategy, commonly referred to as a cookie crusher. In this
approach, the state of the hand is determined by the level of the input
signal relative to an adjustable threshold. When the signal exceeds the
threshold, an open signal is sent to the hand by the processor. When the
signal falls below this threshold, the processor closes the hand to a
preprogrammed grip strength. Such systems are also described using the
semantics of body-powered control as voluntary-opening control
strategies. An associated drawback to this strategy is an inability to
regulate the grip force of the closing hand.
A related variation is seen in a single-input, alternating control
strategy. Under this control paradigm, proportional input signals are
generated when they exceed a programmable threshold level. The initial
signal will open the terminal device until the signal falls below threshold.
Once the input signal falls below threshold (and an adjustable latency
period has been satisfied), control of the terminal device cycles from
opening to closing. Thus, when the input signal next exceeds the threshold,
it will provide a proportional close signal to the hand. Each time the signal
falls below the threshold and an adequate latency period occurs, control
will alternate between the two desired motions, such as opening and
closing a terminal device or flexing and extending an elbow.
A novel variation of single-input, alternating control is seen in the
Force Limiting Auto Grasp (FLAG; Motion Control) feature for prosthetic
hands. In this strategy, when the single-input signal exceeds the threshold,
the terminal device opens. If this input signal is sustained with the terminal
device open, the FLAG feature is enabled. The next input signal will close
the terminal device to approximately 2 lb of grip strength. Subsequent
brief input signals will successively increase the grip strength of the
terminal device in 2-lb increments, providing the user with some
regulation of his or her grip strength in a single-input control system. A
very long signal (2 to 3 seconds) will disable the FLAG feature and return
the system to alternating control.
The University of New Brunswick three-state controller represents
another control strategy and was designed for individuals who can
generate only one reliable electromyographic signal.6,7 In this approach,

the range of perceivable input signals is divided into three levels, with the
lowest-level signal being “off,” a range of smaller signals providing a
“close” input, and a range of larger signals producing an “open” input
(Figure 3).

Other Proportionally Controlled Input Sources
In addition to electromyographic input signals, other proportional signals
can be derived from body motions. Most of these inputs are configured so
that they can feed directly into the controllers using the same receptacles
as the electromyographic inputs on the controller packages and can
directly substitute for them.
Potentiometers
A linear potentiometer captures motions in a straight line. Similar to bodypowered devices, these devices capture relative gross body motion such as
scapular abduction. However, the electronic components can amplify
relatively modest movements for individuals who cannot generate the
excursions or forces necessary for a more traditional body-powered device.
Linear potentiometer can be arranged with a return spring so that
excursion will cause one motion, whereas the retraction that occurs when
the user relaxes will cause another motion (Figure 4).
Force Transducers (Servos)
As with linear potentiometers, force transducers (also called servos) can be
placed within a harness and activated using the same control motions
associated with body-powered prosthetic control. The excursion required
to activate such transducers is minimal. Like linear potentiometers and in
contrast to pull switches, these transducers produce signal inputs
proportional to the strain placed through the harness. The drawback to
such transducers is that they require a sleep mode because their activation
requirements are so minimal that they would otherwise frequently activate
inadvertently.
Force-Sensing Resistors
Force-sensing resistors are input devices that can measure a continuous
force (providing proportional control) or can function as an input switch
when used with a force threshold. These resistors are made of thin plastic
with an area of conductive ink on the plastic. They work by exploiting the

change in electrical resistance in the ink as force is applied. The sensors
can be arranged to provide a change in voltage as they are compressed.
The resistors have a very low profile and require low activation forces.
These properties make force-sensing resistors suitable for individuals who
can move distal parts of their residual limb but cannot generate a large
enough force to control body-powered devices. The sensors are made in a
range of sizes and shapes, can be used anywhere in a prosthetic socket, and
are available from several manufacturers (Figure 5). Unlike
electromyographic devices, which detect signals derived from muscle
activity, force-sensing resistors directly capture the force of the limb
against the resistor. For example, force-sensing resistors can be used inside
the shoulder cap of a shoulder disarticulation prosthesis. The amputee’s
mobile acromion can touch different points to trigger different motions
(Figure 6). More commonly, they are used at the partial hand level where
their low-profile build height is greatly appreciated. Even small
movements of the residual digits can be utilized with force-sensing
resistors to provide useful control of electric digit systems.

Figure 3

Schematic diagram of the University of New
Brunswick single-channel electromyographic control. If only a
single muscle is available, three states are used to control the
hand in two directions. Switch levels are set by consideration of
the noise (interference) in the signals.

Figure 4

A, Photograph of a linear potentiometer, which is
attached to one part of the socket by a fixture (right side) and
across a joint via a cable (left side). B, Photograph of a linear
potentiometer that is built into a harness.

Nonproportional Electric Switches
In contrast to the inputs described thus far that provide proportional
control inputs to the externally powered prosthesis, there are a number of
electric switches that can be used to provide additional control signals.
Switch control is seldom used as a primary input source because it requires
gross body motions for activation and only produces constant,
nonproportional (digital) control. The use of a rocker switch to control
wrist rotation at a single speed is a common exception to this generality.
Switches are more frequently used as a secondary signal source, acting as
a mode switch between the activation of different prosthetic components
or controlling an elbow lock.
Pull switches can be placed in the harness of the prosthesis so that
relative motion (such as scapular abduction) can be used to switch modes
(for example, from hand to elbow). In a common variation (the four-stage
pull switch), progressive excursion of the pull switch cycles the prosthesis
from dormancy to active control of one motion to dormancy to active
control of a second motion. These switches should be arranged so they are
easily triggered when needed but do not trigger inadvertently.

Figure 5

Photographs of several types of force-sensing
resistors. The devices can be packaged together or purchased
loose from various manufacturers to allow different positioning
options.

Push switches can also be placed on the humeral section of a
transhumeral prosthesis so that bringing the arm against the torso can
trigger the switch (bump switch). Similarly, for high-level (bilateral) limb
absences, push switches can be close to the face and within reach of the
chin.

Control Strategies for Multiarticulated Hands
The recent addition of multiple separately controlled fingers has changed
how prosthetic hands can be used.8 It is now possible to drive different
fingers to different positions, allowing the execution of a range of grip
patterns, including precision, power, lateral, tips, and point. However, the
user must be able to select between these grip forms. In general, there are
more available grip variations than available input or switch signals in the
prosthesis. Working together, the prosthesis user and the clinician can
determine which grips are most beneficial and how to select between them.
Selecting between grip variations in multiarticulating hands is
commonly done through various myoelectric signal “triggers.” In cocontraction–based triggers, user-dependent controllable variables include
how long the co-contraction must be maintained, whether both muscle
signals have to rise together, and the required speed of the signal rise. For
hold-at-a-limit triggers (generally at the extension limit), when the hand is
fully open, the user holds it open longer to trigger a new grip. In addition,
double and triple impulse triggers require two or three impulse
contractions to be applied in succession to trigger alternative grip patterns.
These may require that there be no signal on the contralateral muscle
during this time, which may be difficult for some users to accomplish.
In general, although more hand positions can be accessible with more
input trigger signals, the greater the number of input signals used, the more
difficult it is to reliably achieve the signals, especially if the user wants to
signal the hand position to change quickly. As a result, although
technically feasible, multiple coding schemes and switching strategies are
rarely used in commercially available, multiarticulating hands.9,10
Other solutions include using external electrical switches, with the
simplest switches located on the prosthesis. The Bebionic Hand (Steeper)
has a switch in the middle of its dorsal surface, which can be programmed
to switch in or out of a particular hand state (defined by the clinical team).
A second switch is built into the base of the thumb. It detects when the

user has moved the thumb across into lateral grip. This contextual switch
then changes the controller into a lateral grip mode where it extends the
thumb more than the fingers. Similar contextual switches have been used
in externally powered elbows to affect the state of the prosthetic hand.11

Figure 6

Photograph of force-sensing resistors used in a
prosthetic shoulder cap to operate two degrees of freedom. The
response of the resistors is improved by placing the pads over
the sensitive area.

Another switching approach is based on the technology of
radiofrequency identification (RFID) tags.12 These tags are used in retail
markets to allow the remote detection of a particular product without an
individual (for example, stock taker or consumer) touching the object. The
same remote detection system can be used to inform a prosthetic hand
controller of the characteristics of an object in close proximity (and
presumably going to be picked up). When the prosthesis approximates an
object with an RFID tag, the grip position of the hand is changed to
accommodate the preprogrammed grip position of the hand for that object.
An alternative solution is for the user to select grip positions with a menu
on a personal electronic media device (such as a smart phone) to change
the programming of the prosthetic hand to select the needed grip.
Both options are now being offered by manufacturers, although both
have some inherent limitations. To use the RFID tag system, the user must
seed his or her household with the RFID tags in appropriate places to
trigger the desired grips. This solution is not feasible for travel away from
home or in unfamiliar environments. Alternatively, the RFID tags can be

placed on an individual’s clothing to allow him or her to select a particular
grip by waving the hand close to the tag. Similarly, retrieving a
smartphone to switch hand positions can be time consuming. However,
both of these methods could be useful for routine tasks in familiar
environments, such as working in a kitchen or office, where specific forms
of grip may be routinely desired.

Pattern Recognition
In contrast to the direct control strategies already described in this chapter
in which isolated muscle contractions control discrete movement at
individual prosthetic components, pattern recognition systems use
electromyographic signals obtained from multiple surface electrodes to
map a user’s intended motions. Coordinated grasping motions use multiple
muscles in different proportions and with different timings. A computer
can be programmed to recognize different signal patterns and cause a
prosthesis to perform specific actions in response to those recognized
signal patterns.13 This is an attractive idea, because in many amputees
certain muscle patterns are well practiced and stored in their central
nervous system. With pattern recognition systems, the operation of the
prosthesis is not a series of artificial movements but the same actions that
were performed before the amputation. Multiple (four or more) electrodes
are placed across the surface of the residual limb, although not necessarily
over the individual muscles. The signals are collected, and particular
mathematical aspects (or features) of the signals are extracted. The system
is “trained” by the user, with the user producing and repeating certain
muscle activities for various grips of interest. The computer software is
programmed to recognize those patterns of muscle activity and perform a
specific controlled response in the hand or arm prosthesis when a specific
muscle activity pattern is detected.
Pattern recognition systems have several inherent problems and
limitations. Programming a computer to recognize different muscle
activity patterns requires the user to perform and repeat specific muscle
contraction actions several times on cue. However, these subtle patterns
may change depending on the orientation of the arm.14 Accordingly, the
individual’s limb must be placed in different orientations during the
training process.15 Muscle activity patterns also change over time as
muscles become stronger or weaker or if the user is fatigued. In addition,

an individual will not always move his or her muscles in exactly the same
way. The system also relies on the maintenance of a relatively precise
location for the electrodes that detect the myoelectric signals; a change in
the location of the electrodes will alter the signals received.
Solutions have been proposed to address some of the problems of
pattern recognition prosthetic control systems. Lock et al16 suggested that
the prosthesis user initiate a training session, referred to as prosthesisguided training, whenever he or she feels that the device is not working
properly. In this impromptu programming exercise, the prosthesis
performs a series of set motions and the user copies those motions. Field
studies have shown that the number of prosthesis-guided training sessions
decreases as the user becomes more familiar with a prosthetic arm. This
implies that, in addition to the reprograming the computer software, users
also learn how to generate repeatable and more consistent
electromyographic signals.
Clinical application of pattern recognition requires a compact computer
system that can make calculations quickly and does not use too much
battery power. Although clinical application and integration of this
methodology into viable prosthetic devices continue to present challenges,
meeting these requirements has become easier in the past few years, and
the technology is now commercially available.17 Pattern recognition
algorithms have been shown to be successful in detecting signal patterns,
synergies, and user intent.

Targeted Muscle Innervation
Individuals with higher-level amputation lack the needed number of
control sites. A standard prosthetics dilemma is that the higher the level of
amputation, the more degrees of freedom that need replacing, whereas the
number of available control sites declines. Targeted muscle innervation
offers a surgical solution to this dilemma through the creation of more
control sites by reinnervating proximal muscle groups with nerves that
previously controlled distal muscle segments. Although this creates a
source of additional control input signals, the problems of consistent
electrode placement remain.

Internal Electrodes

Maintaining consistent surface electrode contact over the targeted muscle
belly can be challenging in any myoelectric control strategy. A proposed
solution to this challenge is to place the electrodes within the muscles
rather than on the surface of the residual limb. Problems of powering such
internal electrodes and the body’s reaction to a foreign object are still
being investigated. Although this approach is in experimental stages, it has
shown promise. For example, the Alfred Mann Foundation has been
working on implantable myoelectric sensors. These sensors, which can
detect muscle contractions, are implanted into a patient’s forearm.18 For
the patient with a transradial amputation, this pattern recognition–based
system can provide consistent inputs for the control of up to three
simultaneous degrees of freedom: forearm rotation, hand opening and
closing, and thumb actuation. The electrical power to drive the sensors has
to be passed through the skin inductively, which requires antennas and
some power loss.
An alternative approach to implanted electrodes that uses direct control
rather than pattern recognition has been described by a team at the
Sahlgrenska hospital in Sweden.19,20 A prosthesis attached using
osseointegration results in more reproducible prosthesis positioning
because the prosthesis locks rigidly onto the residual limb. In 2013, the
Swedish team reported that the wiring for indwelling electrodes can be
passed through the distal abutment of an osseointegrated prosthesis
without increasing the inherent risk of infection and that this wiring
technique could be used to retrofit previously placed abutments fit by the
team. The problem of supplying power through the skin is circumvented
by this technique, and, as is the case for other solutions using indwelling
electrodes, it eliminates the repeatability problem inherent in external
electrodes.

Bus Signal Transmission
With the increased processing power that is now possible in smaller
electrode packages with lower electrical current consumption, it will be
possible to obtain more information from sensors to determine the
intended muscle actions of a prosthesis user. A related improvement is
seen with the use of a local network or “bus” technology for
electromyographic signal transmission. A bus system uses a path for signal
transmission in which signals are dropped off or picked up at each device

attached along the transmission path. This type of network allows
communication between microcontrollers and devices without a host
computer. An early example of such a system was used in the
experimental modular ToMPAW prosthesis;21 it is still being used
clinically in the United Kingdom. The use of a modular bus transmission
system allows components to be added easily to the system, while only
using a limited number of wires (often two or three). This decreases the
number of needed wires and potentially increases reliability. The
Michelangelo Hand (Ottobock) represents another commercially available
upper prosthesis that benefits from a bus system.
The COAPT pattern recognition controller (Coapt LLC) allows
multiple electrodes to communicate with both the controller and multiple
joints in the prosthesis across a limited number of wires.22 In the ultimate
form of this system, each myoelectrode and other input device will have its
own input microprocessor. This will allow electrodes to be placed in a
single circuit with one four-wire cable linking the electrodes and joint
controllers and will allow communication between the electrodes and
controllers along the network path.23 A current limitation in bus
technologies is that manufacturers have not decided on a single standard
for intercomponent communications, thus limiting component
compatibility and the choice of custom-designed prosthetic systems for
patients.

Summary
The range of different control strategies for externally powered upper limb
prostheses are the response to the many unique presentations of individuals
needing a prosthetic arm. Different input methods depend on the capability
of the user to generate different control signals. The signals are generated
by detecting input forms such as electromyographic signals, pressure
against sensors, or the creation of movement between two body segments.
When the user has few inputs or needs multiple joints to provide function,
control of the prosthesis is slowed by the need to switch sequentially
between the controls of various prosthetic motions.
Recent developments in electronics have increased processing power,
reduced component package size, and reduced electrical current
consumption. It is now possible to use more information from body
sensors to create independent control of more prosthetic joints. Pattern

recognition of muscle signals is creating more opportunities for new
controllers. In addition, new input methods such as indwelling electrodes
in the muscles of the residual limb may allow the development of more
sophisticated prostheses.
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Partial Hand Amputation:
Surgical Management
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Abstract
Partial amputation of a finger, ray amputation, multiple ray amputation, and
complete hand amputation may be required to treat patients after traumatic
injury, infection, or in the setting of malignant bone and soft-tissue tumors. It
is helpful to be familiar with the indications for amputation, surgical
techniques, outcomes, potential pitfalls, and complications.
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Introduction
Amputations of fingers or portions of the hand may be required in the
treatment of traumatic injury, infection, and tumor. Each patient has a
unique clinical scenario, and treatment should be individualized to that
patient and the injury or condition. A well-performed amputation may
maximize patient function and appearance. This in turn may have a major
effect on the patient’s self-perception, socialization, and work capacity.

Single Ray Amputation
General Considerations

Single ray amputation is most commonly done for the treatment of
traumatic injuries, malignant bone and soft-tissue tumors, and, less
frequently, infection. Deficits produced by trauma can be limited to the
affected digit or can extend more proximally into the metacarpus or the
hand. Similarly, the surgical deficits that remain as a result of the
oncologic requirements of resection are sometimes unique and must be
taken into consideration in surgical planning for definitive amputation and
reconstruction. The status of the soft tissues and the need for coverage also
must be considered. Fillet flaps and “spare parts” from distal amputated
parts or adjacent digits can be extremely helpful in achieving wound
closure or coverage.1
Index and small finger ray amputations are done by transecting the
base of the metacarpal distal to the extensor carpi radialis and extensor
carpi ulnaris, respectively. The middle ray is most commonly transected at
the base of the metacarpal, with or without index ray amputation.2 The
ring finger ray is most commonly disarticulated at the carpometacarpal
articulation, with the anticipation that the small finger ray base will
migrate to the midline over time. Intermetacarpal ligament repair or
reconstruction is critical to reduce the gap between digits produced by
central ray amputation and will improve cosmesis. The authors of this
chapter prefer a middle ray amputation without transposition.
Intermetacarpal ligament repair or reconstruction will provide a
satisfactory appearance and avoids the risk of contamination of adjacent
rays when the procedure is done because of malignancy.

Outcome Considerations
When possible, it is imperative that the functional and cosmetic deficits
produced by ray amputation be carefully reviewed with the patient before
the surgical procedure. Emotional and psychological considerations should
be addressed and expectations defined. Pictures demonstrating the
anticipated result and or appearance are helpful. Speaking to or meeting
with an individual who had a ray amputation can be extremely beneficial.
In some instances, psychological counseling is appropriate.
Neuroma at the transection site of the digital nerves is expected after
all procedures. Most commonly, these neuromas are not particularly
uncomfortable, with the exception of the index ray where painful
neuromas occur in approximately 70% of patients. There is no commonly
accepted treatment method to reduce the risk of a painful digital neuroma

after a ray amputation. Ligation, implantation of the nerve into muscle and
bone, and pretreatment with local anesthetic have been advocated. Painful
neuromas may require secondary procedures, including proximal
transection and burial or cryoablation.3
Grip strength is diminished by approximately 30% after ray
amputation, although there can be great variations.2,3 The routine
reduction of grip strength should be discussed in advance with patients to
provide realistic expectations. Patients commonly adapt well to this deficit.
The appearance of the hand after a well-done elective ray amputation
can be excellent. Patients should be reassured preoperatively that the
deficit of a single ray is not routinely noticed in human interactions, unless
fingers are counted.

Preferred Techniques of This Chapter’s Authors
Index Ray Amputation
In an index ray amputation, the dorsal incision is made and the flaps are
elevated. The incision may be longitudinal (preferred) or a long V-flap.
The extensor tendons are then transected, and interosseous muscles are
mobilized extraperiosteally. Bone transection is performed distal to the
insertion of the flexor carpi radialis.
For the volar incision, additional skin is taken radially when possible to
facilitate closure. The V-incision is incorporated with a volar Bruner
incision, which may need to be trimmed at final closure. Digital vessels are
identified proximally, cauterized, and then transected. Digital nerves are
identified, anesthetized with a local anesthetic, and transected. Flexor
tendons are then transected, and the intermetacarpal ligament between the
index ray and the middle finger ray is transected. The ray is rotated, and
the remaining intrinsic musculature is transected. Skin is closed using
nylon suture with attention to the distal radial flap first, followed by dorsal
and palmar closures (Figure 1).
Middle Finger Ray Amputation
A middle finger ray amputation is similar to an index ray amputation. The
proximal metacarpal is transected at the base of the diaphysis distal to the
carpometacarpal ligaments. After removal of the ray, the intermetacarpal
ligament is repaired using nonabsorbable suture or reconstructed using the
A-1 pulley of the index and middle ray (Figure 2).

Ring Finger Ray Amputation
Ring finger ray amputation is similar to a middle finger ray amputation
with the exception of routine disarticulation of the base of the ring finger
metacarpal from the carpometacarpal joint. This requires transection of the
intermetacarpal ligaments. Care must be taken to avoid injury to the deep
palmar arch and deep motor branch of the ulnar nerve, which are palmar to
the base of the ring finger metacarpal and thus easily injured.
Intermetacarpal ligament repair or reconstruction is important for
cosmesis. Over time, the base of the small finger metacarpal migrates
radially to help reduce the defect produced by ring finger ray amputation
(Figure 3).
Small Finger Amputation
Small finger ray amputation is entirely analogous to index ray amputation
with similar incisions and skin flaps. Care must be taken to plan the ulnarsided skin flap to facilitate closure. The bone is transected distal to the
insertion of the extensor carpi ulnaris (Figure 4).

Alternative Surgical Techniques
Transposition of the index ray to the base of the middle ray is a wellaccepted reconstruction technique after middle ray amputation. This
broadens the first web space slightly and can reduce the tendency for index
ray pronation after intermetacarpal ligament repair or reconstruction when
transposition is not done. This procedure requires osteotomy of the index
metacarpal base and open reduction and internal fixation of the index
metacarpal diaphysis to the middle finger metacarpal base. Additional
surgical time and risks of malrotation, nonunion, hardware removal, and
theoretic expansion of the field of contamination (in the setting of
malignant tumor resection) must be taken into consideration if
transposition is being considered.

Rehabilitation
Bulky, soft compressive bandages are applied at the time of surgery. Digit
range of motion is encouraged to the extent allowed by the level of pain,
particularly metacarpophalangeal flexion and proximal interphalangeal
joint extension. Supervised digit range of motion should be initiated
between the first and second postoperative weeks. Sutures remain in place
for 2 to 3 weeks. Recovery of range of motion should be the early

emphasis of therapy. At week 6, strengthening is initiated. Palmar wound
desensitization may be required in the first 3 months, after which incisionsite sensitivity typically decreases. Full activity is allowed at 3 months,
with continued improvement in strength and function expected for more
than 1 year after surgery. Routine discussion of psychological well-being
is incorporated into early postoperative physician visits.
Managing Complications
The management of complications should be considered at the time of
surgery. Digit alignment in extension and flexion must be critically
assessed after intermetacarpal ligament repair and, particularly,
reconstruction. It is possible to pronate radial-sided digits and supinate
ulnar-sided digits during this repair. If done, this will affect appearance
and could impair function.
Digital nerves form neuroma after transection. Care must be taken at
surgery to handle nerves gently; crushing and electrocautery should be
avoided. If a painful neuroma develops postoperatively, medical
management may be beneficial. Pain management consultation should be
considered. For recalcitrant neuromas, more proximal transection can be
performed with neuroma burial or cryoablation. Good results are possible
in some patients.
Nonunion or malrotation after digit transposition will require
additional intervention in the form of bone grafting or surgical correction
of rotation.

Double Ray Amputation
General Considerations
Double ray amputation may be required for patients with major hand
trauma, those with large tumors involving single rays that encroach on the
adjacent ray, or in patients in whom a tumor is located in the space
between individual rays. Radiosensitive lesions, such as soft-tissue
sarcomas, may be treated with preoperative radiation in an attempt to
reduce the size of the tumor. If adequate size reduction is achieved, it may
be possible to convert a planned double ray amputation into a single ray
amputation.

Figure 1

A, Clinical photograph of a liposarcoma involving
the first web space. B, Axial MRI showing the lesion extending
from the thumb metacarpal radially to the middle finger
metacarpal ulnarly. The palmar barrier is the adductor pollicis.
The dorsal disease fungating through the skin. C through J,
Surgical photographs. C, The dorsal incision incorporates skin
resection at the area of the fungating lesion, with a plan for an
index fillet flap. D, The volar incision incorporates a fillet flap
incision. The volar wrist veins are marked for a possible donor
graft. E, A fillet flap is raised, and the radial dissection includes
thumb metacarpal periosteum. F, Palmar dissection is done
palmar to the adductor pollicis to allow adequate resection
margin. The thumb is rotated radially to facilitate exposure. G
and H, Dorsal views of the rotated thumb, fillet flap, and
resection specimen. I, Volar appearance of the hand after
closure, medial collateral ligament repair, and pinning. J, Dorsal
appearance of the hand, with closure facilitated with a fillet flap.

The preoperative physical examination should include the Allen test to
confirm patency of the arterial arch and adequate perfusion of the digit. It
is imperative to determine the patency of the superficial arch before double
ray amputation when resection of the superficial vascular arch is being
considered. Microsurgical capability is needed for vascular repair or
grafting if indicated.

Outcome Considerations
Double ray amputation causes a much greater deficit in appearance
compared with single ray amputation. This deficit is more commonly
noted in routine interpersonal interactions and has a greater effect on a
patient’s perception of his or her appearance.4,5

Figure 2

A, Illustration of a middle finger ray amputation. B,
Clinical photograph of a large proximal phalanx tumor that
required ray amputation. Surgical photographs of the volar
incision (C) and the dorsal incision (D).

Function after double ray amputation is also more severely affected
than after single ray amputation. In one series of double ray amputation
done to treat sarcomas, grip strength was reduced approximately 75%.4
Resection of the deep motor branch of the ulnar nerve, if required, also
impairs thumb function and manual dexterity.

Preferred Techniques of This Chapter’s Authors
In double ray amputation, incision placement is usually dictated by the
location and the extent of the tumor or the traumatic injury. Routine
consideration of the use of a fillet flap of uninjured or uncontaminated
digit tissue should be incorporated into the surgical plan to facilitate
coverage, if needed. If there is adequate tissue, ulnar- or palmar-based
flaps may be used for ulnar double ray amputation. A large radial index
flap will facilitate closure in radial-sided double ray amputation of the
index and middle fingers (Figures 5 and 6).
Dorsal dissection is usually done first after completion of the
dissection of any fillet flap. Extensor tendons are transected. Interosseous
muscle that can be spared is dissected from the metacarpal to be resected
at both the radial and ulnar aspects of the respective metacarpals.
Metacarpal transection of both rays is done distal to the insertion of radialsided wrist flexors and extensors at the index ray and ulnar-sided wrist
flexors and extensors at the small finger ray.
Palmar dissection is determined by the extent of the lesion or trauma.
The superficial palmar arch should be spared when possible. If this arch
must be resected, the surgeon should be prepared to perform microsurgical
repair or reconstruction of the arch if there is inadequate blood flow to the
remaining digits. Flexor tendons and intrinsic muscle transection are
needed to complete the amputation. Closure is performed using local flaps,
a fillet flap, or (occasionally) distant coverage such as a radial forearm flap
or a free flap.

Rehabilitation
Rehabilitation after double ray amputation of the hand is nearly identical
to that for single ray amputation. The cosmetic deficit produced by double
ray amputation is substantial. A passive prosthesis may be considered to
improve appearance if this is important to the patient.

Managing Complications

Complications after double ray amputation are similar to those after single
ray amputation. Double ray amputation for malignant bone and soft-tissue
tumors is typically done for very large lesions. The extent of the resection
may require extensive reconstruction, including tendon and bone
reconstruction or repair. Complications are more frequent when radiation
is used, which is common in the treatment of soft-tissue sarcomas of the
hand.6 Tendon excursion problems are more common after double ray
amputation than single ray amputation and may require subsequent
tenolysis.

Transmetacarpal Amputation
Elective transmetacarpal amputation is rarely performed. Even large distal
tumors can be resected with either double ray amputation or triple ray
amputation. Preoperative radiation or chemotherapy is often effective in
decreasing tumor size to allow hand-sparing surgical options at definitive
treatment. If all four digit rays are contaminated by tumor, it is likely that
there will be extension of tumor into the carpal tunnel. In this setting, a
more proximal level amputation is indicated.

Figure 3

A, Axial MRI of a synovial sarcoma treated with a
ring finger ray amputation and a middle finger metacarpal
resection. B through G, Surgical photographs of the ring finger
amputation. The plans for the volar incision with a fillet flap (B)
and dorsal incision with a fillet flap (C) are marked on the hand.
D, Dorsal dissection. E, The defect after the ray amputation
with a fillet flap. The specimen has been disarticulated. Dorsal
(F) and palmar (G) views of the hand after intermetacarpal
ligament repair and wound closure.

Transmetacarpal amputation may be appropriate to treat some
traumatic injuries. Every effort should be made to replant the amputated
part, unless contraindicated. In severe crush injuries, it may not be possible
to replant multiple digits. In this setting, the focus should be on soft-tissue
coverage, with consideration of a subsequent, staged toe-to-hand transfer

to allow thumb-to-toe pinch.

Thumb Amputation
General Considerations
The thumb accounts for approximately 50% of hand function. A minimum
requirement of thumb function is a stable post against which objects can be
held. Function is improved if sensation is present or motion is possible.

Figure 4

Surgical photographs of a fifth ray amputation with
a harvest fillet flap. The planned dorsal incision (A) and palmar
incision (B) are marked on the hand. C, The fillet flap is raised.
D, The fifth ray is resected. Palmar (E) and dorsal (F) views of
the hand after closure.

Traumatic amputation of the thumb is considered a strong indication
for replantation if possible. Success of thumb replantation may be limited
in the setting of avulsion-type injuries.
Given the devastating effects of proximal level amputation of the
thumb, there has been recent increased emphasis on thumb-sparing
procedures when a sensate terminal thumb can be reconstructed.7,8 If the
entire thumb must be amputated at the metacarpophalangeal joint,
proximal reconstruction options include toe-to-thumb transfer, index
pollicization, and use of a passive prosthesis.

Interphalangeal Thumb Disarticulation
Interphalangeal thumb disarticulation is commonly done in the setting of
melanoma, squamous cell carcinoma, and, less frequently, trauma. Two
coverage options are generally considered. Volar-based flaps and fishmouth incisions both yield excellent results.
Interphalangeal joint disarticulation is very well tolerated. Although
the thumb is shortened, this rarely affects general functions such as
gripping large objects, and there is only a small decrease in dexterity.
Patients compensate well for any change in sensation. Patients rely more
heavily on the combination of visual and tactile sensations when handling
small objects than do those with an intact thumb.
Preferred Techniques of This Chapter’s Authors
In the experience of this chapter’s authors, thumb lengthening has not been
necessary after interphalangeal amputation, and prosthetic use has not been
required.
Interphalangeal amputation coverage is often dictated by the extent of
trauma or tumor. The use of a large volar flap is preferred when possible
(Figure 7). If there is excessive palmar skin loss or contamination, fishmouth–type incisions are used.
A transverse incision is marked dorsally, often in line with the distal
extensor crease. A palmar flap is marked with longitudinal extensions
from the dorsal transverse incision, which will allow inclusion of the
digital arteries and nerves in the volar flap. The dorsal incision is made
first. Large dorsal veins are cauterized. The extensor mechanism is
transected. The collateral ligaments are transected proximally from the
proximal phalanx. The volar flap is elevated superficial to the flexor
tendon sheath. The flexor tendon is transected at the level of the
interphalangeal joint. The volar plate is transected, and the amputation is
completed. Closure is performed using 5-0 nylon suture, with great care to
approximate the volar flap without excessive tension, which may
compromise blood flow.

Figure 5

A, Illustration showing a planned index and middle
ray resection for a malignant neoplasm. Axial (B) and coronal
(C) MRIs demonstrating the extent of the malignant neoplasm.
D through J, Photographs of the double ray amputation. The
planned dorsal incision (D) and volar incision (E) are drawn on
the hand. The hand after dorsal (F) and palmar (G) dissection.
The resected specimen is removed (H). Dorsal (I) and palmar
(J) views of the hand after closure.

Alternative Surgical Techniques
Aesthetic appearance is superior with a fish-mouth closure; however,
sensation and padding are superior with a volar flap. More proximal level
amputation through the distal portion of the proximal phalanx may be
required for tumors extending into the interphalangeal joint or for more
proximal level trauma.

Postoperative Care and Rehabilitation
A soft, bulky, lightly compressive thumb spica bandage is applied after
surgery. Sutures are removed after 2 weeks. Physical therapy begins with
range-of-motion and wound desensitization exercises. Activities are
restricted for approximately 6 weeks and are then resumed as tolerated.
Therapy can be very helpful in improving manual dexterity and the
development of compensatory and adaptive techniques to facilitate
function.

Figure 6

A, Illustration showing a planned ring and small
finger ulnar double ray amputation for a soft-tissue tumor. B
through D, Surgical photographs of the amputation. B, The
volar incision with a fillet flap is marked on the hand. C, The
ulnar double ray is resected with a ring fillet flap. The resection
incorporated the flexor tendons to ring finger. D, Appearance of
the hand after tendon reconstruction and direct closure using
dorsal skin.

Managing Complications
Wound desensitization exercises supervised by a therapist are effective in
reducing wound sensitivity, which tends to gradually lessen over time.
Neuroma-related symptoms and phantom pain are possible but are
extremely uncommon after thumb interphalangeal disarticulation.

Metacarpophalangeal Disarticulation
When there is no other alternative, amputation at the metacarpophalangeal
joint may be required.
Outcome Considerations
Metacarpophalangeal disarticulation of the thumb will result in a major
functional deficit. Despite this deficit, some patient will choose to have no
reconstructive procedures and will adapt and compensate as best as
possible. If a toe-to-thumb reconstruction is being considered, it is best to
stage the reconstruction after amputation done for malignant bone or softtissue tumors so that negative resection margins can be confirmed by
definitive pathological analysis. Toe-to-thumb transfer in the setting of a
positive margin will have a disease-dependent risk of local recurrence and
might necessitate amputation of the transferred part.9 If toe-to-thumb
transfer is anticipated, it is wise to plan the soft-tissue flaps in advance so
that additional uninjured, uncontaminated tissue can be spared at the time
of disarticulation. This will facilitate subsequent closure at the time of
reconstruction.
Index pollicization in children for congenital deformity often has an
excellent final appearance. A pollicized index finger in an adult retains the
appearance of a rotated index finger and does not have the same aesthetic
result as seen in a child. Toe-to-thumb transfer is often preferred.
Preferred Techniques of This Chapter’s Authors
Incisions are planned with the reconstructive procedure in mind. Fishmouth flaps are used, with longer flaps, when possible, if a toe-to-thumb
transfer is anticipated.
The dorsal incision is made distal to the joint. Large veins are
cauterized. Extensor tendons and sensory nerves are transected. The dorsal
capsule is incised, and the collateral ligaments are transected. If a toe-tothumb transfer is anticipated, larger remnants are left to allow ligament

reconstruction and retain metacarpophalangeal joint stability after
reconstruction. The volar flap incision is made. Digital nerves are
identified, anesthetized with bupivacaine hydrochloride and transected.
Digital arteries are cauterized and transected. The flexor pollicis longus
and the volar plate are transected, and the amputation is completed. The
wound is closed with 5-0 nylon suture.
Alternative Surgical Techniques
When a toe-to-thumb transfer is anticipated, nerves and vessels are tagged
to facilitate identification at reconstruction. Vessels are ligated with
hemoclips, and nerves and vessels are transected more distally.

Figure

7

Photographs of a thumb interphalangeal
disarticulation with volar flap closure. A, Subungual melanoma
of the thumb is shown. Lateral (B) and palmar (C) views of the
planned amputation and volar flap drawn on the thumb. Dorsal
(D) and lateral (E) views of the thumb after the interphalangeal
disarticulation and closure.

Osseointegrated implants for the thumb have been described.10 After
amputation, a titanium peg is implanted into the distal metacarpal. After
skin maturation, a passive prosthesis can be readily attached to the thumb
metacarpal.

Postoperative Care and Rehabilitation
After surgery the hand is bandaged and the digits are kept free. Digit range
of motion is encouraged. Sutures are removed after 2 weeks. Therapy can
be beneficial for first web space stretching to avoid adduction contractures.
A passive rigid prosthesis may be considered.

Summary
Partial hand amputations may be performed to treat patients after traumatic
injury, infection, or malignant bone and soft-tissue tumors. When possible,
the functional and cosmetic deficits of the planned procedure should be
discussed with the patient prior to surgery. Surgical considerations will
depend on the etiology, the extent of the surgery (such as single ray,
double ray, or thumb amputation), the status of soft-tissues, and the
general health of the patient. To obtain optimal outcomes, the surgeon
should be familiar with established and alternative surgical techniques.
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Chapter 16

Partial Hand Amputation:
Prosthetic Management
Jack E. Uellendahl, CPO

Abstract
Partial hand amputation is reported to be the most common upper limb
amputation level in the United States. The hand has 29 joints, and
approximately 25% of the motor cortex controls the 34 muscles that move the
hand. Because these joints allow the hand to assume many postures and
produce various grasping patterns, replacement with a prosthesis is
challenging. Sensory feedback provides information about objects being
grasped; loss or compromise of this feedback results in further disability.
Trauma is the most common cause of partial hand amputation and often
damages the remaining parts of the hand. Limited joint range of motion,
malalignment of the remaining fingers, hypersensitivity or insensitivity,
scarring, and a lack of strength in the remaining portions of the hand can be
complicating factors. Prosthetic options for managing partial hand
amputations have increased substantially in recent years.

Keywords: amputation; body-powered prosthesis; hand
amputation; partial finger; partial hand; powered fingers; upper
limb
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Introduction
Partial hand amputation is the most common upper limb amputation level
in the United States. In a review of hospital discharge records between
1988 and 1996, Dillingham et al1 found that a mean of 18,496 individuals
annually were reported to undergo upper limb amputations or have
congenital limb deficiencies; 92% of these were below the wrist. Partial

hand amputations have many possible presentations based on the large
number of possible hand configurations that result from traumatic injury
(Figure 1).
The hand is a marvelous tool. It has 29 joints, and approximately 25%
of the motor cortex controls the 34 muscles of the hand. These joints allow
the hand to assume many postures and produce a variety of grasping
patterns. Therefore, prosthetic replacement is challenging. Sensory
feedback provides information about objects being grasped; loss or
compromise of this feedback results in further disability. Trauma is the
most common cause of partial hand amputation and often damages the
parts of the hand that remain. Limited joint range of motion, malalignment
of the remaining fingers, hypersensitivity or insensitivity, scarring, and a
lack of strength in the remaining portions of the hand may be complicating
factors.2 Prosthetic options for managing partial hand amputations have
increased substantially in recent years. This chapter reviews the current
prosthetic options and indications for their use.

Clinical Considerations: Prosthetic Options
Prosthetic options can be divided into five categories: aesthetic,
oppositional, activity-specific, body-powered, and externally powered. Not
all options are available for all levels of partial hand absence. However,
when evaluating a partial hand amputation, all options relevant to the
amputation level should be reviewed. When deciding on the type of
prosthesis to be used, considerations should include age, sex, occupation,
degree of physical activity, gadget tolerance, type of amputation,
functional goals, and unilateral versus bilateral involvement.2
Because the thumb is the most important finger, representing 40% of
hand function, its presence and condition should be carefully evaluated.3
Optimal management of the thumb should account for sensibility, stability,
opposition, and length.4 With partial thumb amputation, it is sometimes
advantageous to restore length with a customized silicone finger
prosthesis. However, this type of prosthesis will cover sensate skin and can
impede function in instances in which comorbid missing fingers have been
treated with prosthetic replacement, which also provides no sensation
(Figure 2). In this case, a short, sensate thumb may be more functional
than a normal-length prosthetic thumb without normal sensation.
Additional options include surgical solutions. A partially amputated

thumb may be treated surgically with lengthening, web space deepening,
toe transfer, pollicization, or osteointegration5,6 (Figure 3). Such cases
highlight the importance of early interaction among the patient, prosthetist,
surgeon, and therapist in developing a treatment plan that optimizes a
patient’s outcome.

Figure 1
amputations.

Photographs showing a variety of partial hand

Figure 2

Photograph of a thumb that was left uncovered to
preserve sensation while opposing three powered fingers. The
little finger was also partially amputated and left uncovered.

Figure

3

Preoperative (A) and postoperative (B)
photographs of a thumb amputation that underwent bone
lengthening and web space deepening to provide sufficient
length for functional grasp.

Component Considerations
Aesthetic Restoration
High-definition custom silicone prostheses are the best option to reproduce
the natural appearance of the hand.7 These prostheses are appropriate for
all levels of partial hand amputation from fingertip to complete hand
prostheses. The prosthesis is carefully matched in size, shape, surface
detail, and color to the sound hand, which allows differences between the
normal and prosthetic hand to go unnoticed by the casual observer (Figure
4). Silicone prostheses provide an extremely important psychologic benefit
in restoring body image.7 The prostheses have a long history of use and
are generally well accepted by patients.7,8 They do not provide finger
movement and are often referred to as passive prostheses. However, a
study by Fraser9 showed that, despite the lack of movement, these
prostheses are used functionally when performing daily tasks. Passive
silicone prostheses can provide opposition when some fingers remain and
broaden the surface available for gripping stability. In addition, silicone
prostheses protect sensitive or painful areas of the hand, with attendant
improvements to manual function. Although silicone has good stain
resistance, the material can be damaged if used for manual labor. Many
individuals with partial hand amputations benefit from the use of an

aesthetic prosthesis in addition to another type of prosthesis.

Opposition Prostheses
The primary goal of an opposition prosthesis is to provide opposition for
intact fingers or the palm of the hand. These prostheses can be made of
many materials but are usually strong, robust, and well suited for manual
tasks (Figures 4, 5, and 6). Most opposition prostheses are static, but some
have joints that can be prepositioned on a task-specific basis, such as the
CAPP Multi-Position Post (Hosmer), APRL thumb (Hosmer), and Vincent
Finger Joint (Vincent Systems GmhH).

Activity-Specific Prostheses
In some cases, a prosthesis is needed to accomplish a specific function.
The prosthesis may be constructed to hold and support a specific tool, with
or without the contribution of any remaining digits (Figure 7).
Alternatively, a quick-disconnect mechanism can be fixed onto the palm of
the remnant hand that allows attachment to a variety of commercially
available tools and implements. At the partial finger amputation level,
simple fingertip caps can extend the functional length of the residual finger
to enable enhanced function (Figure 8). Collectively, these prostheses may
allow participation in hobbies and sports and can be critical to performing
job duties.

Figure 4

Photograph of a hybrid silicone and composite
thumb prosthesis that provides good appearance and stability
for functional opposition to the remaining fingers.

Figure 5

Photographs of a thumb amputated at the
metacarpophalangeal joint (A) that was fitted with a rigid thumb
opposition post (B).

Figure 6

Photograph shows an opposition prosthesis during
test fitting with the static fingers positioned for optimal function.

Figure 7

A, Photograph of an activity-specific static
prosthesis during test fitting with a hammer for a farrier. B,
Photograph of the completed hybrid prosthesis composed of
silicone and prepreg carbon fiber, with a zipper for easy
donning and doffing.

Body-Powered Prostheses
Body power refers to the use of force and excursion produced by more

proximal joints to control a prosthesis. Because of the link between the
controlled component and the proximal physiologic joints, body-powered
control has the inherent advantage of providing proprioceptive feedback to
the user regarding force, position, and speed of movement.10 However, a
possible disadvantage is that the required movements of the proximal joint
segments may appear unnatural.2 Body-powered prosthetic options are
now available for nearly all levels of partial hand absences. Control is
accomplished either through rigid linkages or cables connecting the
prosthetic joint(s) to a proximal intact joint. Examples of linkage-driven
fingers are the Naked Prosthetic Finger (Naked Prosthetics; Figure 9) and
the X-Finger (Didrick Medical; Figure 10).

Figure 8

Photographs of an index finger prosthesis used for
guitar playing (A) and typing (B).

Alternatively, the M-Fingers and Partial M-Fingers (Partial Hand
Solutions) are cable driven. Partial M-Fingers use metacarpophalangeal
(MCP) joint flexion to drive proximal interphalangeal (IP) joint flexion,
whereas the distal IP joint is fixed (Figures 11, 12, and 13). M-Fingers are
designed for complete finger absence at or proximal to the MCP joints.
Flexion at the MCP and proximal IP joints is actuated by wrist flexion;
internal spring mechanisms return the joints to their extended positions
with wrist extension11 (Figure 14). Another body-powered option is a
handihook–type device (Figure 15) in which a conventional hook terminal
device, either voluntary opening or voluntary closing, is attached to a
prosthetic socket in the palm of the partial hand prosthesis. The handihook
is generally activated using a cable attached to a shoulder harness.2,12

Figure 9

Photograph of a mechanical finger with distal
interphalangeal (IP) joint flexion of the prosthesis driven by
intact proximal IP flexion. (Courtesy of RCM Enterprises, Naked
Prosthetics, Tumwater, WA.)

Figure 10

Photograph of a mechanical finger with distal
interphalangeal (IP) joint and proximal IP joint flexion of the
prosthesis, which are driven by intact metacarpophalangeal
joint flexion. (Courtesy of Didrick Medical, Naples, FL.)

Figure 11

Photograph of a partial finger prosthesis with a
silicone suction socket and prepreg carbon fiber, providing rigid
stabilization and connection to a Partial M-Finger prosthesis

(Partial Hand Solutions). (Courtesy of New Touch Prosthetics,
Cave Creek, AZ.)

Figure 12

Photograph of a three-finger Partial M-Finger
prosthesis (Partial Hand Solutions) showing the cables
anchored to a silicone mounting system. Metacarpophalangeal
joint flexion drives interphalangeal joint flexion, and internal
springs return the fingers to extension. (Courtesy of the Hanger
Clinic, Austin, TX.)

Figure 13

Photograph of a combination Partial M-Finger
prosthesis (Partial Hand Solutions) that provide dynamic grasp
for the index and middle fingers against the intact thumb, with
the ring and little fingers replaced with static silicone fingers to
provide a broader, more stable platform for grasp.

Externally Powered Prostheses
Fitting externally powered devices to individuals with partial hand

amputations is challenging. Because a portion of the physiologic hand
remains, the space for any prosthetic mechanism is limited. Early efforts to
develop externally powered options for partial hands were not made
commercially available.4,13-16 To fit the widest variety of partial hand
configurations with externally powered options, the drive mechanism is
best contained within the prosthetic finger itself. This allows for the
successful fitting of amputations at or more proximal to the MCP level.
The first powered fingers became commercially available in 2007 with the
introduction of the i-limb hand (TouchBionics). The fingers from the ilimb hand that were removed from the full hand and separately configured
were referred to as ProDigits. The fingers were later redesigned for
specific application to partial hand prostheses and renamed i-limb digits
(TouchBionics)17 (Figure 16). Another system, the Powered Finger
(Vincent Systems), became available in 201018 (Figure 17). Powered
finger prostheses have demonstrated clinical efficacy for a wide variety of
partial hand amputations and have become a mainstay in the prosthetic
armamentarium.2,19,20

Figure 14

Photograph of a wrist-driven M-Finger prosthesis
(Partial Hand Solutions). Wrist flexion drives all four fingers with
a cable system in opposition to a passively positioned friction
thumb. The cable tension can be adjusted using a quick-adjust
knob (arrow).

Figure 15

Photograph of the lower arm an individual with
carpometacarpal disarticulation who uses a body-powered
handihook. The hook opening is actuated using a conventional

shoulder harness. The hook is attached to a quick-disconnect
adapter, allowing exchange of various tools in place of the
cable-actuated hook. The prosthesis has a silicone socket with
a zipper in a composite frame.

Figure 16

Photograph of an i-limb digit (TouchBionics) with
a motor in the proximal finger segment that drives the
metacarpophalangeal (MCP) joint. MCP joint flexion is linked to
proximal interphalangeal (IP) joint flexion with a string, and a
spring provides extension at the proximal IP joint. The distal IP
joint is fixed. Various fingertip lengths are available for finger
sizing.

Powered finger prostheses are advantageous compared with bodypowered devices because they require no force or excursion from the user;
these devices are usually controlled using myoelectric signals or forcesensitive resistors. This can be an especially important consideration when
the residual hand is sensitive to pressure. Prehension is maintained without
continuous input control because the drive mechanism is not back
drivable. Grip force is also generally greater with powered fingers than
with the currently available wrist-driven options.

Figure 17

Photograph of the Powered Finger (Vincent
Systems), which has a motor in the proximal finger segment
that drives the metacarpophalangeal (MCP) joint. MCP flexion
is linked to proximal interphalangeal (IP) joint flexion with a
flexible metal strut that drives the proximal IP joint in flexion and
extension. The distal IP joint is fixed. Various fingertip lengths

are available for finger sizing.

Although externally powered fingers do not provide feedback through
the control system regarding finger force, position, and velocity, the
Vincent Powered Finger system offers feedback regarding finger force by
means of vibration. The complete powered finger system includes the
fingers, finger-mounting hardware, a microprocessor control unit, power
supply, and control input(s). Because of the inherent space limitations at
distal amputation levels, some of these components are housed on the
forearm within a forearm cuff or a custom silicone socket (Figures 18 and
19). The motor for these powered fingers is housed in the proximal
segment of the finger and drives the MCP joint, which is then used to drive
a single IP joint via mechanical linkage.
Externally powered thumbs are manufactured by TouchBionics and
Vincent Systems. These thumbs do not articulate at the IP joint but are
powered in flexion and extension at the MCP joint and can be passively
rotated from a position opposed to the fingers or unopposed for lateral
prehension (Figure 20). The control systems are adjusted via wireless
connections to a computer or a handheld device, where system parameters
can easily be adjusted and real-time monitoring of patient control inputs
can be viewed.

Figure 18

Photograph of a complete i-limb digits prosthesis
(TouchBionics), which uses a forearm cuff to house the battery
cells, controller, and power switch.

Figure 19

Photograph of a complete Powered Finger
prosthesis (Vincent Systems) shows the batteries, controller,
and charge port module housed in a custom silicone forearm
cuff. These components are accessed through a zipper closure.

Figure 20

Photographs of an externally powered thumb
prosthesis. A, Rotating the thumb to the unopposed position
helps assume a flat hand to provide a stable, broad surface for
holding plates, trays, or similar objects. B, Lateral prehension is
achieved with the thumb in the unopposed position.

Control
Myoelectrodes and force-sensitive resistors are the most common types of
control input used for powered fingers. Other types of control input
devices include transducers and switches. Most users prefer dual-site
proportional control, but single-site methods have been used successfully
when only one control input is available. In the primary gripping pattern,
all fingers are driven until motion is stopped either by contact with an
object or when the mechanical stop is encountered. This provides a
conformable grip (Figure 21). Because each finger is driven
independently, it is possible to fix the position of some fingers and drive

others. Selecting a grip mode in which the fingers are flexed and the thumb
is active in the unopposed position is useful for lateral prehension. A wide
variety of additional grip patterns are possible, including a pointed index
finger, which is valuable for keyboard use, and a “trigger finger” for the
operation of spray bottles. Other grip patterns can be selected, generally by
using a special control command such as co-contraction, a hold-open
signal, or a rapid impulse signal from one of the available input sources.

Figure 21

Photograph demonstrates individually powered
fingers conformed around an irregularly shaped object,
providing a secure grasp.

Myoelectric control sites can be located either in the hand or the
forearm. Using the intrinsic muscles of the hand is often preferable
because it allows finger control to be independent of wrist motion.
Intrinsic muscles that have been used successfully include the thenar,
hypothenar, and dorsal interossei muscles. When intrinsic hand muscles
are not feasible as control sites, forearm muscles have been used with good
results. With practice, most users achieve sufficient control of the fingers
and wrist independently.
If a mobile feature of the remaining hand can be moved independently,
control by force-sensitive resistors should be considered. If all fingers are
missing and the thumb is amputated at the MCP joint, the mobile thumb
metacarpal can be used to flex and extend the fingers by using the
metacarpal to press against one force-sensitive resistor in the flexion
direction and another force-sensitive resistor in the extension direction. In
some instances, control has been achieved by mixing control inputs using
one electrode and one force-sensitive resistor.
Using a separate control command to select each specific grip pattern

is not ideal. Developing control strategies such as pattern recognition and
implantable myoelectric sensors may eventually provide more intuitive
control.21-25

Prosthesis Design
The prosthetic socket provides a stable connection to the residual limb,
securely suspends the prosthesis, protects sensitive areas of the residual
limb, and serves as a mount for the prosthetic components2 (Figure 22).
Materials used include rigid, laminated material; semirigid plastic; flexible
thermoplastic; silicone, urethane, and expanded foam padding. For many
partial hand prostheses, it is important to provide a soft flexible elastic
interface so that bony prominences are protected, motion is not impeded
by rigid edges, and the material can stretch to allow easy donning and
doffing when bulbous limbs are involved. For these reasons, the preferred
interface material of this chapter’s author is silicone that is structurally
supported with composite plastic. With high-consistency silicone rubber, it
is possible to design and fabricate silicone interfaces in which the material
thickness, stiffness, and elasticity can be selectively controlled.26,27 It also
is possible to incorporate electrode mounts, screw attachments, zippers,
and other hardware into the silicone interface. Custom silicone sockets
have been reported to provide better comfort as well as the ability to
protect fragile skin from breakdown compared with other materials.28 The
socket should not restrict limb motion at the wrist, thumb, or other
remaining joints (Figure 23).

Figure 22

Photograph of a test fitting, with careful attention
paid to finger alignment. Mounting frames are available that
either group the fingers in a prearranged alignment to each
other or allow the fingers to be individually positioned.

Figure 23

Photograph of a prosthesis designed to allow full
motion of the intact thumb, ring, and little fingers as well as full
wrist motion.

One of the most important features of the hand is sensation. The
maximum amount of sensate skin should be exposed whenever
possible.5,16 In contrast, when the limb is hypersensitive, covering the skin

can provide protection. These issues must be carefully evaluated and
managed when planning the design of the prosthesis.

Summary
Currently, more prosthetic options exist for individuals with partial hand
amputation than ever before; however, fitting the prosthesis is still
challenging. The amputation is best managed by a team of knowledgeable
professionals who can provide surgical, prosthetic, training, and
counseling support. Appearance, function, and comfort should be carefully
considered by both the patient and the team to determine the most
appropriate prosthesis. Often, not all goals can be achieved with one
prosthesis, and multiple devices are required. Surgical options may
eliminate the need for a prosthesis in some patients; however, when a
prosthesis is indicated, surgery should complement and optimize the
successful use of the prosthesis. In all cases, a qualified therapist should
educate the user regarding optimal function with and without a prosthesis
to prevent potential overuse of the sound limb.29
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Abstract
Amputation of an upper limb is a catastrophic event that frequently results
from high-energy trauma in an otherwise young and healthy patient
population. Transradial amputation and wrist disarticulation are the most
frequently performed amputations in the upper limbs, report the highest
prosthetic acceptance rates, and represent the amputation levels with the
greatest functional potential. Preserved shoulder and elbow joints, a long
lever arm, and forearm rotation allow the individual with an amputation
below the level of the elbow to easily position the terminal prosthesis in
space. There are special considerations unique to amputations at these
amputation levels. It is helpful to be aware of surgical techniques to optimize
residual limb length, prevent complications, and maximize the potential for
future prosthetic use to achieve the best functional results for patients.

Keywords: amputation; transradial amputation; wrist
disarticulation
Dr. Nanos or an immediate family member serves as a board member,
owner, officer, or committee member of the American Society for Surgery of
the Hand.

Introduction
Amputation of an upper limb is a catastrophic event that frequently results
from high-energy trauma in a young, otherwise healthy patient
population.1-3 Of the 1.6 million individuals in the US living with limb
loss in 2005, 34% (541,000) had upper limb loss; 92% of hospital

discharges attributable to upper limb loss resulted from traumatic
mechanisms of injury, 41,000 of which were proximal to the finger.4,5
More than 2,200 major limb amputations have been performed as a result
of injuries that occurred in US military conflicts over the past decade,
including Operation Iraqi Freedom and Operation Enduring Freedom, and
18% were upper limb amputations. Of the major upper limb amputations
performed in military personnel to date for these conflicts, 50% were
transradial and 10% were wrist disarticulations (John C. Shero, MHA,
FACHE, Director, Extremity Trauma and Amputation Center of
Excellence, unpublished data, 2015.) Amputations below the level of the
elbow are the most frequently performed amputations in the upper limb;
the transradial amputation is the most common level in both civilian and
war-related traumatic injuries.6
The surgical principles of upper and lower limb amputations are quite
similar, but key differences in morphology and function require special
attention when considering upper limb amputation. The primary goals in
lower limb amputation are to provide a well-padded, durable residual limb
that facilitates weight bearing, maximizes ambulatory function, and
minimizes energy consumption required for ambulation; the goals in upper
limb amputation are to maximize precise function and provide a good
cosmetic result. To ensure appropriate preoperative planning and optimal
patient outcomes, the surgeon should be aware of prosthetic capabilities,
prosthesis acceptance rates, and the functional outcomes associated with
transradial amputations and wrist disarticulations.7

General Treatment Principles
An integrated team approach is vital to maximize amputee care. In
addition to orthopaedic surgeons, specialists in trauma surgery, physical
medicine, anesthesiology, pain management, rehabilitation, occupational
therapy, physical therapy, mental health care, social work, nursing, and
prosthetics should be involved in the care of an upper limb amputee.
Patient- and family-centered participation in the decision-making process
enhances a patient’s acceptance of the amputation and satisfaction with its
outcome.8,9 A multidisciplinary care approach is especially essential for
patients with multiple limb amputations, which frequently occur after
high-energy combat injuries. The patient often has numerous comorbid
conditions and requires complex and comprehensive treatment.10 Good

functional outcomes and prosthetic acceptance rates can be expected with
a well-coordinated rehabilitation protocol and timely prosthetic fitting.11
A good understanding of anatomy, adherence to sound orthopaedic
surgical principles, and a systematic approach to the evaluation and
treatment of the amputee are essential to achieve the best results.12 In
general, guillotine amputations should be avoided unless they are clinically
indicated, which is uncommon. In traumatic amputations, all devitalized
tissue should be meticulously débrided, taking special care to identify and
protect all important neurovascular structures to maximize the final
functional result.13,14 Negative pressure dressings are effective for staged
surgical treatment because they limit the frequency of bedside dressing
changes, improve pain control, and provide surgeons with greater
flexibility when considering soft-tissue reconstruction options for more
complex cases.15,16 The timing of final amputation coverage or closure
depends largely on surgeon experience, but a wound bed devoid of
necrotic tissue and infection and a tension-free closure are critical to
success.17
In general, preserving maximal limb length is preferred in upper limb
amputations, but this goal must be balanced with consideration for wound
healing capacity and residual limb coverage, patient preference,
rehabilitation potential, and local prosthetic expertise and availability.
With increasing limb length and preservation of joints, enhanced
positioning of the terminal residual limb and/or prosthetic device in space
is achieved, allowing for the best functional results and improved
outcomes. When considering amputation below the level of the elbow, the
scope of the injury often determines the amputation level. The
requirements and capabilities of prostheses for each amputation level must
be understood and considered. Consultation with a prosthetist is
recommended early in the decision-making process.
Concomitant fractures should be considered for surgical stabilization
when functional limb length or joint preservation can be achieved,
although higher complication rates can be expected. However,
preservation of the established limb length at the time of fracture fixation
is generally achieved.18 Additional soft-tissue coverage options, including
skin grafts and flaps, should be strongly considered when residual tissue
flaps provide inadequate coverage for a distal amputation below the elbow
and shortening the residual limb will diminish prosthetic fitting options
and functional outcomes. This is perhaps most important in attempts to

preserve the elbow joint but also when optimizing residual limb length for
a transradial amputation. Using microvascular free-tissue transfer in
appropriately selected patients to maximize limb length and provide
durable soft-tissue coverage has proved successful in upper limb
amputations.19-21 In the upper limb, indications for free-tissue transfer
include shoulder joint preservation by selecting a transhumeral amputation
level, elbow joint preservation, and preservation of bone greater than 7 cm
below the shoulder or elbow. Relative indications include wrist joint
preservation and skeletal preservation between 5 and 7 cm below the
shoulder or elbow.7,22 Although upper limb amputations that require skin
grafts or flaps take longer to heal, the functional benefits of joint and/or
limb-length preservation usually outweigh delays in rehabilitation and
prosthetic fitting.
Careful attention to nerves and muscles is critically important in upper
limb amputation because symptomatic neuromas are common.23 Before
final closure of an upper limb amputation, all involved sensory and motor
nerves should be identified. All motor branches to muscle flaps within the
surgical field also should be preserved to prevent muscle denervation that
results in loss of muscle mass for limb padding and possible loss of sites
for myoelectric signals. Nerves should undergo gentle traction neurectomy
to locate neuromas away from the distal amputation myodesis or skin
closure. Although more aggressive traction neurectomy was previously
recommended for large peripheral nerves with motor function,
preservation of additional nerve length while preventing more distal
exposure of neuromas can ensure the possibility of future reconstructive
surgery.
Stabilizing the musculotendinous units of the residual limb under
physiologic tension at the time of amputation closure serves two main
purposes. First, it facilitates robust coverage over the distal bone end,
providing comfortable padding for the prosthetic socket while preventing
painful bursa formation from mobile muscle units. Second, optimal
contractility characteristics of the muscle are preserved, improving muscle
signal quality and maximizing myoelectric control of a prosthesis, while
also maximizing terminal residual limb control for a body-powered
prosthesis. Myodesis, the process of attaching musculotendinous units
directly to bone, is the surgical technique that provides the most stable
construct over the distal bone end. Myodesis is typically performed by
suturing the muscle and/or tendon to the bone end, usually through drill

tunnels with braided nonabsorbable suture, or less commonly, to
periosteum. Myoplasty, which attaches agonist muscles to antagonist
muscles over the bone end to create physiologic tension, and myofascial
closure, which sutures muscle and fascia together, are less stable
constructs. These procedures may be indicated when myodesis cannot be
achieved, for secondary muscles after primary myodesis, or to contour the
remaining muscle bellies before closure. Although no data support the
superiority of myodesis over myoplasty, myodesis is recommended in
upper limb amputations to provide the most stable limb and best isolate
muscle signals and myoelectric prosthetic control.

Wrist Disarticulation
The advantages of wrist disarticulation include preservation of forearm
rotation when the distal radioulnar joint (DRUJ) is preserved, elimination
of painful radioulnar convergence compared with transradial amputation,
improved weight bearing directly through the terminal residual limb,
enhanced functional length, and better prosthetic suspension. Historically,
the main disadvantage of wrist disarticulation has been limited available
prosthetic options because of the short working length and limited space
available for the terminal device.24 In 1972, before the introduction of
modern wrist prostheses, a survey of US surgeons indicated a preference
for distal transradial amputation over wrist disarticulation.25 Even with
recent advances in prosthetic design and materials, which have greatly
improved function for an individual treated with wrist disarticulation, a
preference remains in many amputation centers for revision to transradial
amputation because of patient dissatisfaction with outcomes after wrist
disarticulation.7 Consultation with an upper limb prosthetist is highly
recommended when a decision must be made between preservation of a
wrist disarticulation or revision to a transradial amputation.
A successful wrist disarticulation requires a healthy, intact DRUJ.1
Preservation of the triangular fibrocartilage complex and radioulnar
ligaments facilitates stable pronation and supination, with an expected total
arc of approximately 100° to 120°.5,26,27 The thick palmar skin of the
hand should be used for distal coverage, but often, skin flaps for final
wound closure will be dictated by the injury.1 The radial styloid should be
saved for prosthetic suspension; it can be contoured to prevent prominence
and skin irritation or breakdown at the prosthetic interface. The ulnar

styloid is often excised to prevent soft-tissue prominence distally. It is
crucial to perform myodesis of the flexor and extensor tendons to maintain
tension in those muscles to provide necessary myoelectric prosthetic
function. Important nerves to identify include not only the median and
ulnar nerve, but also the superficial radial nerve, the palmar cutaneous
branch of the median nerve, the dorsal ulnar cutaneous nerve, and possibly
the terminal medial and lateral antebrachial cutaneous nerves. These
nerves should be divided proximal to the level of amputation closure using
gentle traction neurectomy and buried under muscle to prevent the
development of painful neuromas. One exception is preservation of
cutaneous nerves to a skin flap required for distal amputation coverage.7
Additional nerve techniques, such as cauterization, suture ligation, and
anesthetic injection, have been described but are not performed by the
author of this chapter because of a lack of proven efficacy and theoretic
concerns of exacerbating neuropathic pain.

Wrist Disarticulation: Surgical Technique
Surgery for wrist disarticulation is typically performed with the patient
supine and under regional anesthesia. An indwelling peripheral nerve
catheter placed intraoperatively can help control postoperative pain and aid
in initial recovery. Initial dissection and amputation is performed using a
tourniquet to allow accurate identification of all structures in a bloodless
field. Under traumatic conditions, all available viable skin flaps are
preserved and considered for final closure. If amputation is performed
under elective conditions, skin flaps can be designed to allow the use of
durable palmar skin over the distal residual limb. The radial and ulnar
arteries are dissected free and double ligated. Large veins are typically
ligated; small veins can be cauterized. Peripheral nerves are identified and
dissected, including the median nerve, ulnar nerve, all branches of the
dorsal sensory radial and ulnar nerves, and any terminal branches of the
lateral and medial antebrachial cutaneous nerves. All cutaneous nerves to
skin flaps intended for final closure should be preserved. Gentle traction
neurectomy of all nerves is preferred to place them just proximal to the
myodesis and the distal residual limb surface. This technique should
minimize the likelihood of development of painful neuromas and preserve
maximum nerve length for future limb reconstruction procedures. All
crossing tendons are divided, followed by sharp amputation at the level of

the radial and ulnar carpal joints, with great care taken to preserve the
triangular fibrocartilage complex and the dorsal and palmar radioulnar
ligaments to maintain DRUJ function. The radial styloid prominence
should be assessed for minor bone contouring. The ulnar styloid is
typically excised if prominent, but care should be taken to preserve the
foveal attachment of the triangular fibrocartilage complex. The tourniquet
is released, and strict hemostasis should be obtained before final
amputation closure.
All hand and wrist flexor and extensor tendons are attached to the
distal radius using braided, nonabsorbable suture through drilled tunnels,
as is done in the myodesis technique. Myoplasty can then be performed for
additional muscles to contour the residual limb, provide additional
padding, and ensure maximum muscle working length (Figure 1). Skin
flaps are closed in a tension-free manner in layers, with resorbable and
nonresorbable monofilament sutures. Drains and/or incisional vacuumassisted closure dressings can be placed according to surgeon preference
and the clinical situation. The author of this chapter commonly uses
incisional vacuum-assisted closure dressings for complex closure in
combat-related amputations, although efficacy has not yet been
shown.28,29 Although dermal substitutes, skin grafts, and pedicle and freetissue flaps can be considered in cases in which primary skin closure
cannot be obtained, in the practice of the author of this chapter, this
typically indicates consideration of a more proximal transradial amputation
level with similar functional outcomes.

Figure 1

Illustrations of the myodesis technique for flexor
and extensor musculotendinous units to bone with
nonabsorbable suture through drill tunnels. A and B, Primary
flexor and extensor muscles are sutured to bone. C and D,
Myoplasty of additional muscles to the myodesis or antagonist
muscle helps to contour the amputation for final closure,
provides additional padding to the residual limb, and
establishes remaining muscles at a physiologic working length
for enhanced functional control of the prosthesis.

Bulky gauze dressings are applied, followed by a compression dressing
to minimize edema. Splints are typically not used; certainly not above the
elbow unless clinically indicated to prevent joint contracture.
Postoperative elevation is recommended to reduce swelling and optimize
the limb for prosthetic rehabilitation. The use of specialized elevation
foam pillows helps improve patient compliance and minimizes pain.

Transradial Amputation
Transradial amputation is the most common major upper limb amputation
and has the highest prosthetic acceptance rates of amputations performed
in the upper limb.6 Preserved shoulder and elbow joints, a long lever arm,
and forearm rotation allow the individual with a distal transradial
amputation to easily position the terminal prosthesis in space. Transradial
amputation is cosmetically appealing because of the ability to fit bodypowered or myoelectric prostheses with quick-disconnecting components,
while maintaining equal limb lengths.
When practical, at least two-thirds of the forearm should be
maintained. Removal of at least 6 to 8 cm of bone is recommended to
provide a robust soft-tissue envelope and permit use of a wide variety of
prosthetic options.7 Soft-tissue interposition between the radius and ulna
decreases the potential for painful convergence and instability. This is
generally accomplished with the pronator quadratus for more distal
amputation levels and can be performed more proximally with one
interposed extensor and/or flexor tendon. Nerves are managed in the same
manner as with wrist disarticulation; ensuring preservation of motor
branches to muscles for myodesis maximizes myoelectric prosthesis
function.
At least 5 cm of residual ulnar length is required to allow prosthetic
fitting and elbow motion.7 However, useful pronation and supination are
not generally preserved when the planned amputation level is in the
proximal third of the forearm and may affect use of a body-powered
prosthesis.1,8 At this proximal level, transfer of the distal biceps tendon to
the proximal ulna should be considered.26 The prosthetic and mechanical
advantages of the transradial level, coupled with superior prosthetic
acceptance rates, should prompt the surgeon to consider all reconstruction
options, including free-tissue transfer, to preserve an amputation at this
level.

Transradial Amputation: Surgical Technique
Many of the surgical principles of transradial amputation (Figure 2) are
similar to those of wrist disarticulation (Figure 3). The procedure is the
same up to the step of applying gentle traction neurectomy of all of the
nerves to place them just proximal to the myodesis and distal residual limb
surface to minimize painful neuromas while preserving maximum nerve

length. All crossing tendons and muscles are divided. To maximize length,
bone cuts are performed with a cooled sagittal saw to preserve
approximately two-thirds of forearm length, which is usually at least 6 to 8
cm from the radiocarpal joint. The tourniquet is released, and strict
hemostasis should be obtained before final amputation closure. In cases of
transradial amputation, the author of this chapter often uses thrombin spray
and gel foam to help achieve hemostatic control in the event of a greater
amount of cut muscle and exposed bone surfaces.
As with wrist disarticulation, after hemostasis is obtained, all hand and
wrist flexor and extensor tendons and muscles are attached to the distal
radius and ulna through drill tunnels using nonabsorbable, braided suture.
Additional myoplasty can be performed to improve padding, allow
adequate contouring of the residual limb, and to fix remaining
musculotendinous units at physiologic working lengths. It is important to
superimpose tissue between the radius and ulna to prevent painful
radioulnar convergence; a functional, expendable muscle (such as the
pronator quadratus) is typically used distally, or an extensor and/or flexor
tendon is interposed proximally and attached using myodesis. Skin flaps
are closed in a tension-free manner in layers with resorbable and
nonresorbable monofilament sutures. Drains and/or incisional vacuumassisted closure dressings can be placed depending on the surgeon’s
preference and the clinical situation.
Dermal substitutes, skin grafts, and pedicle and free-tissue flaps should
be considered in cases in which primary skin closure cannot be obtained
and maximum length preservation is preferred. Although dermal
substitutes can increase cost, they provide a more durable skin graft and
can positively affect prosthetic comfort and functioning.30,31 Tissue flaps
should be considered for elbow joint preservation when at least 5 cm of
stable residual ulna remain.
Bulky gauze dressings are applied, followed by moderate compression
dressing to minimize edema. Splints are typically not used to prevent
iatrogenic joint contracture, especially above the elbow, unless clinically
indicated. Postoperative elevation is recommended to reduce swelling and
optimize the limb for prosthetic rehabilitation, and specialized foam
pillows can help improve patient compliance and minimize pain. Early
elbow joint range of motion is begun immediately postoperatively.

Complications
Complications after amputation surgery distal to the elbow are frequent,
especially with higher-energy injury patterns such as those that occur in
combat situations. Infection, wound dehiscence, skin breakdown,
heterotopic ossification, joint contracture, painful neuromas, and myodesis
failure have been reported with varied frequencies after both wrist
disarticulation and transradial amputation.23 It is common to have two or
more complications that require surgical intervention. In transradial
amputations and wrist disarticulations, heterotopic ossification can cause
painful bony prominences, bursa formation, a reduction of forearm
rotation, or synostosis and complete arrest of forearm rotation, which
reduces functional prosthetic use. Early resection of functionally limiting
or painful heterotopic ossification and synostosis have effectively restored
forearm rotation, improved function, and reduced pain.23,32,33 The author
of this chapter routinely excises heterotopic bone that limits forearm
motion within 4 months of injury if the soft-tissue envelope is stable and
the bone is mature on radiographic imaging. CT and three-dimensional
modeling are important preoperative planning tools and can be used
intraoperatively to guide surgical dissection in complex cases. Resecting
heterotopic ossification is challenging. Emphasis must be placed on
adequate exposure, identifying all neurovascular structures to prevent
critical loss of functional muscle groups, and meticulous hemostasis.
Single-dose postoperative radiation therapy and prophylactic NSAIDs
have been used effectively to achieve a low risk of recurrence.34

Figure 2

Images of a short, traumatic transradial amputation
in a multiple limb amputee secondary to injury from an
improvised explosive device. The patient had a concomitant
ulnar fracture and poor soft-tissue coverage. A, Photograph
demonstrates
initial
amputation
before
débridement.
Photographs obtained following serial débridement show that
the amputation meets length requirements (B) but has
inadequate soft-tissue coverage (C). D, Lateral radiograph
shows ulnar fracture stabilized with internal fixation. E,
Photograph shows soft-tissue coverage provided by a free
vascularized anterolateral thigh flap and a biologic dermal
substitute, followed by split-thickness skin grafting.

Chronic pain is a frequent complication of traumatic upper limb
amputation, with a prevalence ranging from 7% to 49%. Pain may be more
prevalent in transradial amputations.23 Although numerous sources of pain
have been identified after amputation, the treatment of neuroma and
radioulnar convergence deserves special attention when considering
transradial amputation and wrist disarticulation.
Many neuromas are an identifiable cause of chronic pain, which may
negatively affect functional use of prostheses, delay return to work and
activity, and result in the use of medication for chronic pain. Numerous
methods are described in the literature to treat painful neuromas, including
nerve repair and resection and nerve transposition with muscle
implantation.35-37 Although nerve repair can produce the best results, this

treatment is not possible in an amputee. Simple neuroma excision appears
to have the worst outcomes in amputees.37 More recently, targeted muscle
reinnervation or targeted nerve implantation has shown promising results
for the treatment of painful neuromas and can be performed at the time of
a traumatic or an elective amputation.38-40
Painful radioulnar convergence is a known complication of transradial
amputation that results from loss of the DRUJ. The presentation is similar
to that of a patient who has undergone distal ulna resection with radioulnar
convergence. Symptoms include distal forearm pain with weight bearing
and forearm rotation along with pain with squeezing of the forearm that
compresses the radius to the ulna. Weight-bearing radiographs also can
elucidate the problem. Interposition of an available muscle between the
distal radius and ulna can help decrease or eliminate painful radioulnar
convergence. Other techniques, such as allograft interposition, can be
attempted if local soft tissue is inadequate, but this technique is not
described in the literature for transradial amputation. Synostosis creation
or revision to a more proximal level of amputation for short residual limbs
should be considered (Figure 4).

Figure 3

Images of the limb of a patient with a wrist-level
disarticulation, concomitant radius and ulna shaft fractures, loss
of distal musculotendinous units, and inadequate soft-tissue
coverage. After discussion between the patient and the
prosthetist, the patient elected a transradial amputation to allow
robust myodesis, adequate distal padding, and primary skin
closure. A, Photograph of wrist disarticulation after initial
débridement demonstrates inadequate musculotendinous
length and soft-tissue coverage. Lateral (B) and AP (C)
radiographs of humeral shaft fracture and distal both-bone
forearm fracture. Lateral (D) and AP (E) radiographs of fixation
of a humerus fracture and amputation at the level of forearm
fractures. F, Photograph show myodesis of extensor and flexor
tendons to bone through drill tunnels after revision of
amputation to the level of the fractures. G and H, Photographs
show myodesis and myoplasty to provide adequate padding
over the distal bone ends. I, Photograph shows primary skin
closure that maintains adequate functional length of the
residual limb.

Outcomes
The loss of one or both upper limbs is a devastating event. Currently, lost
prehensile function and sensation are not adequately replaced using
modern prosthetic technology. Although prosthetic acceptance rates are
frequently discussed as an outcome measure, existing high-quality
evidence is limited and outdated.
Prosthesis rejection rates for upper limb amputation are frequently
reported to be 21% to 38%; larger studies typically report a rejection rate
higher than 30%.6,41-43 When excluding cosmetic prostheses, the rates are
probably higher.6,41-43 High rejection rates have been loosely associated
with poor training, delayed prosthetic fitting, and more proximal
amputations.6 A 1995 survey of upper limb amputations reported limited
usefulness, increased weight, and residual limb/socket discomfort as
primary reasons for prosthesis rejection.6 Factors associated with increased
prosthetic acceptance include loss of the dominant limb, absence of pain in
the residual limb, and early prosthetic fitting within 30 days of
amputation.6,11,44

Figure 4

Photographs demonstrate surgical revision of a
transradial amputation with a redundant soft-tissue envelope,
failure of the myodesis, painful radioulnar convergence,
heterotopic bone spurs, and a painful ulnar neuroma, resulting
in decreased prosthetic use and function. A, Preoperative view
of the limb. B, Excess skin is excised. C, Painful bone spurs at
the distal radius and ulna are resected. The bone ends are
contoured to eliminate sharp edges. D, Myodesis is performed
through bone tunnels with nonresorbable heavy braided suture.
E, Available muscle is sutured to bone between the radius and
ulna to prevent painful radioulnar convergence. F, Additional
myoplasty is performed to provide adequate distal padding and
restore physiologic working length to the musculotendinous
units to maximize myoelectric function. G, A painful ulnar
neuroma is identified and resected. H, Targeted muscle
reinnervation is performed from the ulnar nerve to the flexor
carpi ulnaris muscle to treat a painful neuroma. I, Postoperative
view of the limb.

Acceptance rates for prosthesis use are directly correlated with the
level of amputation, with use increasing progressively at more distal levels

of amputation, which correlates with higher functional scores.6,11,41,45-47
The transradial amputation level has the highest reported prosthesis usage
rates, ranging from 80% to 94%;6,11,41,47 transhumeral amputation
acceptance rates range from 43% to 83%.6,11 Shoulder disarticulation is
associated with the lowest reported prosthesis acceptance rates. Increased
prosthetic weight and complexity, decreased prosthetic functionality, and
difficulty with suspension explain decreasing prosthetic acceptance rates
with higher levels of amputation. Many patients are willing to function
with only one upper limb rather than use a burdensome prosthetic device.
Overall, these data further stress the importance of exhausting all surgical
reconstruction options to preserve amputation levels distal to the elbow.
Most individuals who have undergone upper limb amputation are able
to return to work, although one-half to two-thirds change their occupation
to accommodate the limb loss.6,11,26 Patients with transradial amputations
have the highest rates of return to work.6 In the military population, few
upper limb amputees have been found fit for full duty irrespective of their
amputation level, and even fewer return to active duty status. During
recent conflicts, the overall return-to-duty rate has ranged from 8.3% to
16.5%.7,48,49

Current Innovations and Future Directions
Phenomenal innovations have occurred in surgical management and
prosthetic advancement over the past decade. Many technologies have
direct application to transradial amputation and wrist disarticulation.
Targeted muscle reinnervation has the potential to help in the treatment of
painful neuromas and may enhance myoelectric prosthetic function.
Although hand allotransplantation indications are evolving, the transradial
amputation level is the most common site of transplantation in the upper
limb, with demonstrated improvements in function and quality of life in
properly selected patients.50-52 To improve outcomes for patients with
transradial amputation or wrist disarticulation, technologies currently
being studied include cortical- and peripheral-nerve–based prosthetic
control, muscle signal recruitment, radiofrequency-controlled prostheses,
advanced pattern recognition algorithms, improved suspension systems
such as osseointegration, and the search for functional haptic feedback
sensory mechanisms.53 With rapid advancement of emerging technologies
to enhance upper limb prosthetic acceptance and function, it is important

that the surgical team and treating institution develop a coordinated plan of
education throughout the continuum of care. If institutional resources are
inadequate, consideration should be given to transferring the patient to a
center that specializes in amputation reconstruction and hand
allotransplantation.9

Summary
Transradial amputation and wrist disarticulation are the most frequently
performed amputations in the upper limb, have the highest prosthetic
acceptance rates, and represent the amputation levels with the greatest
functional potential. Strict attention to skeletal preservation and soft-tissue
stabilization will maximize the residual limb for future prosthetic use
and/or novel reconstruction options. A multidisciplinary approach to
patient care will maximize the clinical result, and a coordinated education
program will ensure that the patient is well informed as new technologies
and novel surgical procedures become available. Consideration should be
given to transferring a patient to a higher level of care if local resources are
not capable of providing the comprehensive reconstructive care necessary
to maximize the patient’s functional outcome.
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Chapter 18

Wrist Disarticulation and
Transradial Amputation:
Prosthetic Management
Joseph Karl Brenner, BSc, Biology, CP, FAAOP

Abstract
The prosthetic management of individuals with transradial amputations and
wrist disarticulations requires special considerations. The patient’s
successful use of a prosthesis will be affected by fitting timetables,
component selection, and the patient’s motivation to return to a bimanual
lifestyle. To determine the most appropriate prosthetic design for a patient, a
thorough evaluation should be performed at each step of the prosthesis
fitting process.
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Introduction
The treatment of patients with upper limb disarticulations or amputations
has become an increasingly specialized niche in the field of prosthetics.
Near the middle of the first decade of this century, the ratio of individuals
with an upper limb amputation to those with a lower limb amputation was
approximately 1:32, and this relationship was increasing in importance as
the baby boomer generation entered their sixth decade.1-3 Ziegler-Graham

et al4 estimated that the ratio of upper to lower limb amputations may
eventually decrease to approximately 1:50 by the year 2050. In addition to
the decreasing ratios of upper limb to lower limb amputations in the field
of prosthetics, the increasing sophistication of upper limb components and
control strategies will require the need for prosthetic clinicians with
experience beyond the fundamentals of general prosthetic practice to
effectively treat people with upper limb loss.

Preoperative Prosthetic Considerations
Most major upper limb reduction surgeries involve either wrist
disarticulation or transradial amputation.2 Although maintaining maximal
anatomic length has long been considered advantageous for the patient,
this concept does not apply in all situations.5 For example, in a patient
with a degloving injury and a heavily scarred residual limb, preserving the
badly injured portion of the limb may make it more difficult for the patient
to wear a prosthesis. Similarly, scar tissue, prominent styloid bony
processes, and sensitive surrounding tissue may undermine the abilities of
a prosthetist to successfully fit a prosthesis. Although longer limb length
may optimize pronation and supination, which are important in
maintaining function, these benefits will be compromised if a patient
cannot comfortably wear a prosthesis without complications. Therefore, it
is sometimes appropriate to remove more of the damaged limb if this
surgical approach will allow a more resilient and pain-free residual
limb.2,3,5 In addition, a transradial amputation may offer more prosthetic
component fitting options than a wrist disarticulation because of the
greater amount of space for the prosthesis.

Importance of Early Fitting
The ultimate goal of a prosthetist is to provide a device that will not only
be functional by clinical standards but will also provide good function for
the patient. Proper suspension, a comfortable fit, a functional design, and a
good cosmetic appearance all are central prosthetic elements that can
affect patient wear.5,6 The early introduction and use of the prosthesis is
also important. Research suggests that there is a “golden period” for fitting
upper limb prostheses. The earlier the prosthesis can be provided to a
patient to use in training and therapy, the higher will be the rate of

acceptance of the device and likelihood that the patient will become adept
at using it as a helpful tool.5,7 After the prosthesis has been integrated into
a patient’s daily routine, he or she is more likely to continue to use the
device and gain improved functionality. The associated benefits extend
beyond physical ability and independence; they also affect psychosocial
areas of rehabilitation and personal acceptance of the individual’s new
reality as an amputee. Although a comfortable fit and appropriate design
may be primary factors in the individual’s decision to accept or abandon a
prosthesis, early intervention is an inherently important consideration in
the prosthetic fitting timeframe (Table 1).
Table 1 The Ideal Timetable for Fitting a Prosthesis After Wrist
Disarticulation or Transradial Amputation

Figure 1

Photographs show the application of an immediate
postoperative prosthesis. A, The first layer of a stockinette is
pulled over the protective sock covering the residual limb. B, A
thick distal pad is added to the end of the stockinette-covered
residual limb and wrapped in place with fiberglass casting tape
that terminates below the condyles to optimize elbow flexion. C,
A lightweight terminal device, such as a 5XA hook (shown
here), and aluminum friction wrist are attached to a
thermoplastic fitting frame. The device is then properly aligned
and temporarily wrapped in place. D, A voluntary, full opening
and closing terminal device is shown.

Immediate and Early Postoperative Prostheses
Immediate or early postoperative prostheses are essentially the same types
of devices; the difference in these two modes of fitting is a product of the
fitting timeframe. The immediate postoperative prosthesis is ideally
applied in the operating room while the patient is under anesthesia from
the amputation surgery. The immediate fitting of a prosthesis after an
amputation reduces postoperative pain, provides rapid implementation of

the device, and improves the psychological adjustment of the patient to his
or her new reality.6
After the surgery is completed, the patient’s arm is covered with a soft
stocking that will protect the suture line, the bandages, and the surrounding
tissue. This stocking acts as an immediate barrier to the outside
environment but can be removed when soiled and replaced with a clean
stocking. A layer of stockinette is pulled over the limb (Figure 1, A),
followed by the addition of a soft foam pad at the distal end to act as a
cushion during use of the prosthesis and activation of the terminal device.
Fiberglass casting tape or a plaster bandage is then wrapped over the
second layer of stockinette and the distal pad, combining them into one
rigid protective unit (Figure 1, B). A thermoplastic frame is subsequently
fashioned and attached over the rigid shell (Figure 1, C) to serve as the
attachment point for the prosthetic wrist unit, the distal aspects of the
flexible elbow hinges, and the anchors for the Bowden Cable system that
will be used to activate the terminal device. Cabling and the remaining
harness components are then added (Figure 1, D) so that the patient can
immediately begin using the prosthesis while recovering.2,3,5,7
Importantly, the frame must remain removable from the rigid shell so that
adjustments can be made if necessary.
Similar in fabrication to the immediate postoperative prosthesis, an
early postoperative prosthesis is fit after a patient leaves the operating
room but before suture removal. This type of prosthesis aids in controlling
edema, helps in dealing with the psychological aspects of limb loss, and
offers a functional replacement to prevent further trauma during healing.

Figure 2

Clinical photograph of a patient wearing a bodypowered preparatory/training prosthesis with a No. 7 hook
(Hosmer).

Although myoelectric versions of these designs are not explicitly
contraindicated, complications from swelling, edema, tenderness, and
wound drainage can potentially compromise the fit and control of a
myoelectric prosthesis. This lack of consistent electromyographic control
may frustrate the patient and lead to potential rejection of the device.

Body-Powered Preparatory/Training Prostheses
After the sutures have been removed and the wound is healed, patients
may be fitted with a body-powered preparatory/training prosthesis. In the
fitting process, a see-through thermoplastic diagnostic socket is fabricated
over a positive model of the limb (Figure 2). The positive model is
designed to fit over the patient’s residual limb with the added volume of a
fitting sock. This serves as a cushion when activating the prosthesis and
accommodates any changes in limb volume. The transparency of the
socket allows the prosthetist to identify any areas of focused pressure and
adjust them as necessary.8 As with the immediate postoperative prosthesis,
the inside distal aspect of the socket will often have a soft pad that the user
will push against when activating the prosthesis. This pad serves as the
main mode of protection from the high forces generated at the distal end of
the limb and along the suture line. A humeral cuff, typically fashioned
from leather or plastic, attaches to the proximal elements of the flexible
elbow joints to maintain the position of the anatomic elbow axis. The
harness and cabling system are attached in the standard way and serve as
an anchor point for both suspension and cable actuation.9 This more robust
design allows the user to begin more regimented occupational therapy
training in the use of the prosthesis for activities of daily living. The
patient wears this training design for several weeks or even months while
the limb volume is reduced and skill is gained in using the prosthesis.

Figure 3

Clinical photograph of a patient wearing an
electronic preparatory/training prosthesis with a linear actuator
that provides proportional control to an electric hand.

Definitive Body-Powered Prostheses
After the limb volume has stabilized, construction of a definitive
prosthesis can begin. The fabrication is similar to that of the preparatory
prosthesis except that the socket is made of much more resilient materials.
As with the preparatory device, the socket is designed over a positive
model. Various fabrics serve as the socket matrix or lamination layup and
are infused with a liquid laminating resin that is cured with a chemical
catalyst. This laminated design can tolerate the normal wear and tear of
daily use from an active user without concern for accidental breakage. For
patients who have been managed with preparatory prosthetic devices,
insights made during this phase can guide socket fit and componentry
selection for the definitive prosthesis. The patient will continue to wear the
definitive prosthesis until it is either outgrown or enough volume is lost
that socket fit and function are compromised beyond the accommodative
capacity of fitting socks.

Externally Powered Prostheses
There are several limitations that may be encountered with the use of

body-powered transradial prostheses, including a lack of full voluntary
opening or voluntary closing of the terminal devices because of limited
range of motion or a lack of strength, problems with harnessing and
control, insufficient grip strength, or complications with suspension. When
these limitations cannot be adequately addressed with a body-powered
system, an externally powered prosthesis should be considered (Figure 3).
Externally powered designs typically offer greater grip strength; anatomic
suspension of the prosthesis; a more streamlined design, which is often
unencumbered from harnesses and cables; an electronic control strategy
and power source; and actively powered wrist rotation, if required (Figure
4). Conversely, externally powered prostheses are more expensive to
obtain and maintain, more susceptible to environmental damage, and are
often heavier than their body-powered counterparts.

Figure 4

Clinical photograph of a patient wearing a definitive
externally powered prosthesis with inverted locking joints and
an electronic greifer.

Control options for the externally powered prostheses have their pros
and cons. Although myoelectric control often offers an anatomically
intuitive approach, it generally requires both an intimate skin fit and

functional muscle sites and may not be appropriate in patients with scar
tissue or neurologic problems. In some instances, a roll-on liner with
integrated electrode contacts may mitigate some tissue problems,10,11 and
occupational therapy can often improve weak muscles. Alternatively, if a
patient lacks the necessary muscle sites to control a myoelectric arm, he or
she may be fitted with an externally powered prosthesis that uses other
control options, such as switches, force-sensing receptors, linear actuators,
and servomechanisms.

Figure 5

Photographs of quick-disconnect wrist units used in
patient evaluation. A metal voluntary-closing terminal device
(right) and a composite voluntary-opening terminal device (left)
are shown. A specialized adapter has been attached to both of
these body-powered devices to facilitate their use on a socket
designed for the use of externally powered devices.

Component Considerations
There are many component options to consider when evaluating,
designing, and/or fabricating upper limb prostheses. Whether the focus is
on finding the most appropriate terminal device or wrist unit, deciding on a
control strategy, or choosing the style of battery to use for an externally
powered design, careful and comprehensive consideration is necessary
because those decisions will ultimately affect a patient’s success in using
his or her prosthesis. When possible and appropriate, fitting a preparatory

training prosthesis can give the practitioner a good idea of the limitations
and advantages of a conceptualized design of the individual components
(Figure 5). When the preparatory device is designed in a more dynamic
fashion to allow a patient to evaluate the prosthesis in his or her own home
and work environments, direct feedback can be provided based on the
patient’s personal experience with the technology.

Control Strategy Options
The means of controlling a prosthetic arm is an important early
consideration. This initial decision will affect socket design, suspension
options, and the choice of the remaining prosthetic components. Control
options can be broadly categorized as either body powered or externally
powered. Body-powered devices are generally controlled with cable and
harness arrays, including variations of figure-of-8, figure-of-9, and chest
strap configurations, and they require some degree of gross body motion.
These devices provide some level of proprioceptive input to the user
regarding the position and force experienced at the terminal device;
however, frequently associated drawbacks include reduced gripping force
and localized pressure caused by the harness system. Simple modifications
to the harness, such as using a double ring approach or adding a crossed
back strap, can improve comfort by eliminating areas of high pressure
(Figure 6).
Externally powered options include a variety of myoelectric switches,
sensors, and linear actuators that electronically control prehension of the
terminal device. Although these devices provide greater gripping force,
they are usually considerably heavier than body-powered options and
provide no proprioceptive feedback to the user.

Figure 6

Clinical photograph of a patient wearing a
prosthesis with a Northwestern dual-ring harness. This type of
harness can enhance comfort.

Body-Powered Components
Wrist units for upper limb prostheses vary in size, material, and function.
A main concern is choosing the appropriate wrist design for the individual
being fitted. Wrist units can be made of plastic, metal, or a combination of
these materials. Options include the simple friction wrist, quick-disconnect
designs, various flexion and rotational features, or a ball-and-socket wrist
that offers infinite positioning and locking ability.2,12 When choosing a
wrist unit, functionality should be a primary concern. For example, if the
patient will be changing terminal devices frequently, a quick-disconnect
unit is indicated to make exchanges easier. Flexion wrists may be most
appropriate for a bilateral amputee who requires greater range of motion
from the prostheses, whereas an individual with unilateral limb loss may
find the added weight of such a design to be fatiguing.
Body-powered hooks are available in several orientations and
materials. Stainless steel and titanium hooks are strong, whereas aluminum
hooks offer reduced weight but are not as robust. Variations in shape,
covering, and orientation of the gripping surfaces are intended to

accommodate a range of tasks and working environments.
In contrast to hooks, mechanical hands offer a more pleasing
appearance; however, inherent limitations in grip force and width may
limit the range of items that can be picked up and securely held.
Prosthetic elbow joints are often integral to the suspension of the
prosthesis, offer added stability, can be made of flexible or more rigid
materials, and are available in single-axis or polycentric designs. Other
types of prosthetic joints (known as step-up joints) can be used when
elbow flexion is limited and assistance is required for full flexion of the
elbow joint. These joints can provide enhanced range of motion for some
individuals with short transradial amputations.

Figure 7

Photograph of a patient wearing an electronic
preparatory prosthesis with a Greifer terminal device
(Ottobock). This type of prosthesis allows wrist flexibility in
radial deviation.

Externally Powered and Analogous Componentry
Externally powered componentry offers many options to a patient;
however, the costs of obtaining and maintaining this technology may be
prohibitive. Terminal device options include hands made in a range of
sizes and electronic hook-style prehensile devices that offer a variety of
gripping surfaces and orientations in angular prehension. Features such as
water resistance and built-in wrist flexion are available, making some
designs better suited to certain activities13 (Figure 7). Although electronic
hands require a protective outer glove to keep environmental agents from
damaging the inner electronics and mechanisms, electronic hooks do not
have this requirement.
In addition to the terminal device, another major component of an

externally powered prosthesis is the battery. The nickel-cadmium batteries
used in early designs generally have been replaced with more reliable and
longer-lasting lithium-ion/polymer batteries,14 which are available in
varying capacities. In addition, a flexible battery is currently available that
allows the battery pack to be wrapped around the long axis of a prosthetic
socket between the socket and shell and results in a more streamlined
appearance for the final prosthesis.
Electronic wrist rotation units offer active wrist pronation and
supination. Generally controlled by electric switches or myoelectrodes, the
rotator component adds weight to a prosthesis, but the additional
functionality is often worth the increased weight. In unilateral applications,
sufficient axial length is required at the end of the residual limb to avoid a
length discrepancy.

Figure 8

A, Photograph of a silicone liner with integrated
snap-on electrodes and a distal pin for suspension. B, Clinical
photograph of a patient donning a myoelectric preparatory
prosthesis with a snap-on electrode array and pin-locking
mechanism.

Suspension Options and Alternatives
Optimal suspension is a key requirement in a prosthesis. In an upper limb
prosthesis, suspension is a vital concern because gravity attempts to pull
the prosthesis from the residual limb. Suspension options include a harness
that uses a specific strap to enhance an already secure fit, the creation of
subatmospheric pressures to maintain suspension, and strategic contouring
of the proximal socket contours to achieve anatomic suspension. A figureof-8 harness combined with a humeral cuff and an inverted Y suspension
strap is one of the most basic and commonly used designs. This design
offers robust support and is suitable for heavy-duty use.9
A more recent technique relies on a roll-on–type suspension liner that
creates inherent suction and slight compression against the wearer’s

residual limb. These liners provide an interface of varying thickness and an
integrated threaded attachment point at the most distal position where an
attachment pin or lanyard may be applied.2,10,11 Pins engage with a
locking mechanism inside the distal socket. Alternatively, a lanyard may
be threaded through a hole in the distal socket that allows it to be pulled
through and secured against the wall of the forearm. In wrist
disarticulations, there is no space for the pin or lanyard mechanism.
However, for a short to midlength transradial amputation, these types of
suspension liners can work well. Liner suspension methods can be used
with prosthetic socks to maintain and adjust fluctuations in limb volume.
They can also be used with snap-on electrode sensors for myoelectric
control15 (Figure 8).

Socket Design
Socket design can be a primary consideration in combatting the
gravitational and torque forces acting on the residual limb. Self-suspending
sockets use targeted modifications built into the socket shape and designed
to capture and contain the anatomy of the limb.16 This technique offers an
array of functional benefits, from improved comfort and suspension to
increased range of motion and stability.17
In skin-fit sockets, which are often used in myoelectric designs, the
anatomic suspension method may be the most advantageous and least
complicated. These self-suspending socket variations date back to the mid
1900s, with the Muenster socket, which was designed to provide stable
suspension in an individual with a short transradial amputation (Figure 9).
This approach is characterized by 35° of preflexion at the elbow and the
use of anterior-posterior counterforce suspension, with an antecubital
channel to relieve the biceps tendon and a proximal socket extending well
above the olecranon to enhance socket stability.18 In some instances, a
pull-sock and distal escape channel are required to elongate and distract
tissues through the narrow proximal opening and into the socket where
they can then expand and fill the larger inner socket cavity; this effectively
traps the tissue and enhances suspension.

Figure 9

Photograph of a Muenster socket, which is
designed for use by an individual with a short transradial
amputation. This socket is characterized by the use of anteriorposterior counterforce suspension with proximal trim lines
extending into the cubital fold anteriorly and well above the
olecranon posteriorly. In this instance, a pull-sock and distal
escape channel are required to pull the limb tissues through the
narrowed opening and into the socket where they can then
expand and fill the larger inner socket cavity. (Courtesy of Jack
E. Uellendahl, CPO, Cave Creek, AZ.)

A contrasting approach using medial-lateral counterforce suspension
was later designed by Billock19 and is better known as the Northwestern
University supracondylar suspension technique for below-elbow
amputations. This design uses a modification process that narrows the
medial-lateral dimension over the humeral condyles to suspend the
prosthesis (Figure 10). These socket design principles are sometimes
modified and used in conjunction with a Sauter elbow cutout, which gives
the user the ability to pull cubital tissue into the socket for easier donning,
while providing a cooler interface and improved airflow20 (Figure 11). In
a variation of this design, the proximal portion of the socket is removed
entirely and reattached with flexible straps that provide an adjustable
floating brim (Figure 12). This variation offers increased range of motion
in flexion and, for longer residual limbs, improved pronation and
supination compared with rigid designs.

Figure 10

Photograph of the Northwestern transradial
socket, which is designed for use by an individual with a
midlength transradial amputation. In contrast to the Muenster
socket, this design uses a modification process that narrows
the medial-lateral dimension over the humeral condyles to
suspend the prosthesis. As a result, the anterior trim line can
be much lower than that used in the Muenster socket.
(Courtesy of Branden Petersen, CPO, Watertown, NY.)

The transradial anatomically contoured socket offers highly stable
suspension by combining elements from the Muenster- and Northwesternstyle socket designs. It focuses on loading the tolerant aspects of the
wearer’s limb anatomy to enhance suspension and stabilize the underlying
bones against socket torque and loading forces.17,21
For individuals with a wrist disarticulation and prominent styloid
processes, anatomic suspension can be obtained over the styloids using a
flexible inner socket, a removable foam insert, or an inflatable air bladder
(Figure 13). Depending on the mechanism used, inflatable bladders may
allow adjustable compressive forces. However, given the snug fit of the

design over the bony prominences of the styloid, these sockets may be
contraindicated for limbs with sensitive or thin tissues.

Figure 11

Photograph of a Sauter elbow cutout, which
allows the cubital tissues to pull into the socket for easier
donning and provides a cooler interface and improved airflow.
(Courtesy of Phillip M. Stevens, MEd, CPO, FAAOP, Salt Lake
City, UT.)

Figure 12

Clinical photograph of a patient wearing a
prosthesis with a test socket that uses floating brim suspension.

Figure 13

Photograph of an individual with a wrist
disarticulation and prominent bony processes wearing a flexible
inner socket that can be shaped to the anatomic contours of the
limb. A window in the rigid outer socket allows the inner flexible
socket to expand during donning to allow passage of the
bulbous distal end of the residual limb. (Courtesy of Jack E.
Uellendahl, CPO, Cave Creek, AZ.)

Another suspension option is a skin-fit suction design that uses a
humeral sealing sleeve (Figure 14). Made from various materials, such as
neoprene or silicone, these sleeves extend over and beyond the proximal
edge of the socket where they seal against the skin of the wearer’s upper
arm and create a suction environment that holds the socket securely in
place. In individuals with a long transradial or wrist disarticulation, the
trim lines of such systems can be lowered well below the elbow and
cubital fold for added comfort and increased range of motion.

Figure 14

Clinical photograph of a patient with a myoelectric
preparatory prosthesis with a humeral silicone sleeve for
suspension.

A socket with adjustable panels or targeted fenestrations with
adjustable tension straps provides a highly adaptive, self-suspended design
that allows the wearer to fully control the snugness of fit within the socket
(Figure 15).
The socket design chosen will depend on several characteristics of the
residual limb, the need for comfort versus stability, the control strategy of
the prosthesis, the ease of donning and doffing the prosthesis, and other
concerns that may become evident during the evaluation process. Although
socket comfort is often a key consideration, adequate suspension is
generally the more important concern.

Figure 15

Photograph of a wrist disarticulation socket with a
fenestrated frame and adjustable tension straps that allows the
wearer to fully control the snugness of fit within the socket.
(Courtesy of Advanced Arm Dynamics, Redondo Beach, CA.)

Alignment Considerations
The alignment of a prosthesis for a transradial or wrist disarticulation is
generally considered a simple task in a patient with a relatively standard
amputation and presentation. In unilateral short or long transradial
amputations, it is often advisable to attach the wrist in line with the long
axis of the residual limb to achieve the most streamlined prosthesis.
Anatomically, an unaffected human wrist is positioned in slight ulnar
deviation and extension. In contrast, canting the wrist in radial deviation
and the socket in slight flexion may be advantageous in certain prosthetic

designs in which midline function and reaching the face and head are
necessary. Other variations in alignment may be indicated for patients with
comorbidities that compromise their contralateral limb or in those with a
bilateral upper limb amputation.

Figure 16

A, Clinical photograph of a patient with
incomplete paraxial hemimelia of the left upper limb. B,
Photograph after the patient was fitted with a myoelectric
definitive aesthetic prosthesis with a woman’s long polyvinyl
chloride cosmetic glove.

Aesthetics and Cosmetic Considerations
All too often in prosthetics, a choice must be made between a device that
looks aesthetically pleasing and one that performs with greater
functionality. In many instances, these two objectives are at odds. Certain
suspension options, battery choices, and wrist components may offer
functional benefits while compromising the aesthetic appearance of the
prosthesis. However, at the levels of a transradial amputation or wrist
disarticulation, acceptable aesthetics are generally obtainable (Figure 16).
Because the importance of the aesthetic appearance of the prosthesis varies
among users, this factor should be assessed during the development of the
individual patient’s treatment plan.

Summary
There are several considerations in the prosthetic management of
individuals with transradial amputations and wrist disarticulations. Fitting

timetables, component options, and desired outcomes all have an effect on
a patient’s successful use of a prosthesis. These prosthetic considerations
are further affected by the individual’s own desire and motivation to return
to a functional bimanual lifestyle. A thorough patient evaluation at each
step of the fitting process will help determine the most appropriate
prosthetic design and will offer the patient the highest likelihood of
incorporating his or her prosthesis into a functional lifestyle.
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Chapter 19

The Krukenberg
Reconstruction in Children
John F. Lawrence, MD Hugh G. Watts, MD

Abstract
The Krukenberg procedure separates the forearm bones in a manner similar
to a syndactyly release to provide sensate grasp for a child who lacks one or
both functioning hands. It is particularly useful in regions of the world where
the availability of prosthetic devices is limited and costs are prohibitive.
Although some surgeons have concerns about the cosmetic appearance of the
reconstruction, the procedure is acceptable to many children and parents.

Keywords: affordable alternative; hand amputee; Krukenberg
procedure; sensate pincers
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Introduction
The Krukenberg reconstruction is a surgical procedure designed to provide
sensate grasp for a child who lacks one or both functioning hands. In a
child’s world, which often involves play in water and dirt, the
reconstruction avoids the need for a prosthesis that may require frequent
repair. The Krukenberg procedure can be performed in a child with loss of
one or both hands who has a functioning forearm and elbow. The surgical
procedure separates the forearm bones in a manner similar to a syndactyly
release. The proximal extent of separation is the area of the pronator teres.
The skin coverage is fashioned from the sensate forearm skin (Figure 1).
Children with absent hands, especially congenital deletions, often

prefer not to wear upper limb prostheses. The Krukenberg reconstruction
adds function without the encumbrance of the added prosthetic weight and
heat of a prosthetic socket. This procedure is particularly useful in regions
of the world where the availability of prosthetic devices is limited, and
cost and repair are too expensive for the general public. An example of the
value of this procedure in such regions is illustrated by the fact that an
American missionary surgeon in Bangladesh (Robert Garst), who was an
enthusiastic proponent of the benefits of the Krukenberg procedure, was
honored for his work in 1981 when Bangladesh published a postage stamp
illustrating the result of the Krukenberg procedure (Figure 2).

History
In 1917, Hermann Krukenberg, a German surgeon, first reported the
conversion of a residual forearm into sensate pincers by separating the
radius and ulna in a bilateral adult amputee.1 The procedure was initially
performed on World War I amputees. The first description of the
procedure in the English medical literature occurred in 1933.2 The use of
the procedure in two teenage patients with unilateral hand loss was
reported. In one patient, the hand loss was the result of a congenital
deletion, and in the other patient the hand loss resulted from a traumatic
injury. The use of the procedure in juvenile patients with bilateral limb
loss was described in 1964.3 Swanson3 reported on four patients with
bilateral limb absences. In each patient, one limb was fitted with a standard
prosthesis and the other side underwent a Krukenberg reconstruction. The
hand on the operated side became the predominant hand in each of the
children, and none of the patients elected to wear a prosthesis. One of the
children subsequently published a book detailing his experiences with a
Krukenberg reconstructed limb.4

Figure 1

Photograph of a child with a Krukenberg
reconstruction grasping a toy. Young children can be taught to
use the reconstructed limb by a skilled pediatric hand therapist.
(Courtesy of John Laurence, Hugh Watts, Joanna Patten:
Krukenberg’s operation in a child, Global HELP, 2010.)

Indications and Contraindications
Vision Impairment
The Krukenberg procedure is especially desirable for blind children
because it results in a sensate limb, which allows the child tactile
exploration, interaction, and feedback from his or her environment.
However, the authors of this chapter believe that sighted children with
unilateral or bilateral deletions also derive functional benefits from the
procedure.

Figure 2

Photograph of the stamp from Bangladesh
depicting the functionality achieved in a patient with a
Krukenberg reconstruction. (Courtesy of John Laurence, Hugh
Watts, Joanna Patten: Krukenberg’s operation in a child, Global
HELP, 2010.)

Forearm Length
The desired length of the pincers on the residual limb depends in part on
the age of the child at the time of surgery. In children 5 to 6 years old, the
residual limb length should be at the transcarpal or wrist level. In older
children, deletions at the midforearm level or longer can be functional
(Figure 3).

Age
Children who are developmentally 4 years of age or older are good
candidates for the procedure.5 Children should have sufficient
psychological development to understand and cooperate with the
postoperative exercise program.

Cultural and Geographical Considerations
Children with upper limb injuries caused by land mine explosions are
often candidates for the Krukenberg procedure.6 As of 2014, it was
estimated that 59 states and 4 other areas in the world were affected by the

presence of land mines.7 Children in war torn countries often pick up
explosive devices believing that they are toys. These devises can cause
devastating injuries to both the hands and the eyes. In countries where
explosive remnants of war are an important problem, there is often
substantial social disorder and poverty, and prosthetic facilities are rare.
Because children require yearly prosthesis evaluations and refurbishments,
the Krukenberg reconstruction is a valuable treatment option in such
regions.6

Anatomic Considerations
The Krukenberg reconstruction is not possible if there is a radioulnar
synostosis or substantial elbow abnormality. The skin of the forearm must
have good sensation. Residual limb lengths of at least 5 cm are
recommended.

Cosmetic Appearance Versus Function
The Krukenberg modification of the forearm has not been well accepted in
the United States, where it has often been described as useful only for
bilateral amputees who are blind.8 In 1964, Swanson3 recommended that
the “almost universal antipathy toward this procedure should be
overcome.” Although those in the US medical field have generally
professed negative feelings regarding the cosmetic outcome of the
reconstruction, this opinion has not been as strongly shared by those in the
nonmedical community. The authors of this chapter believe that if the
pediatric orthopaedic medical community had greater familiarity with the
Krukenberg procedure and the opportunity to examine children who were
treated with the reconstruction, the procedure would have better
acceptance.

Figure 3

Photograph of a child grasping a thin object
illustrates the preservation of good sensation in the pincers that
is possible with a Krukenberg reconstruction.

The concept of active versus passive cosmesis has been described.9
Passive cosmesis is the appearance of a limb at rest, whereas active
cosmesis refers to the appearance of the limb in motion. The extraordinary
dexterity provided by a Krukenberg limb allows more natural motion than
that achieved using a prosthesis. In the experience of this chapter’s
authors, few patients who have been provided with a prosthesis that can be
worn over the Krukenberg reconstructed arm elect to wear the prosthesis.
Because of its functional advantages, the Krukenberg procedure should be
considered as an option for any child affected by hand loss.

Figure 4

Illustrations of the preferred locations of
fasciocutaneous skin incisions. The volar surface is shown on
the left, the dorsal on the right.

In a multicenter study, Wagner et al10 reported that children with
unilateral transradial limb deficiencies often do not wear their prostheses.
Children with transcarpal or transradial wrist-level deficiencies are not
usually appropriate candidates for prosthetic fitting because they already
have excellent limb length and function, with the exception of the ability
to grasp or pinch. The realistic decision becomes whether to perform a
Krukenberg reconstruction or do nothing.

Surgical Technique
A tourniquet is used on the upper arm when performing a Krukenberg
procedure. The forearm incisions are designed to provide as much skin
coverage to the distal residual limbs as possible (Figure 4). Any skin distal
to the wrist is preserved for use in covering the distal pincers. In a young
patient, an effort should be made to preserve the distal epiphyses because
substantial growth may occur at that level (Figure 5).

The forearm bones are separated by incising the interosseus membrane
to its proximal extent. It is important to preserve two musculocutaneous
flaps, if possible. One flap includes the brachioradialis and the extensor
carpi radialis muscles. This flap should not be separated from the radius.
The second flap is an ulnar flap and includes the flexor carpi ulnaris and
the extensor carpi ulnaris. This flap should not be separated from the ulna.
To the extent possible, sensory nerves should be preserved.
Some muscle bulk should be removed to allow good closure. The
choice of which muscles to remove depends on which muscles are present.
If the anatomy is normal, as in a traumatic amputation, many of the finger
flexor and extensor muscles should be removed. In congenital deletions,
these muscles may not be present. The most important muscles to preserve
are the flexor carpi ulnaris, the extensor carpi ulnaris, the brachioradialis,
and the pronator teres. When separating the forearm bones, as much
separation as possible should be obtained without injuring the capsules of
the proximal radioulnar joint or the radiocapitellar joint. The length of the
pincers is determined by the distance between the attachment of the
pronator teres to the radius and the end of the radius. The forearm bones
should be of equal length. It is desirable to have 6 to 8 cm, but a shorter
distance can be tolerated, especially when distal growth is anticipated. In
older children, the forearm bones can be shortened for better closure.
Longer pincers have less strength at the tips, but they have a larger
grasping potential (Figure 6).

Figure 5

Surgical photograph of the Krukenberg procedure
taken at the completion of skin closure and before dressing
application.

Figure 6

Radiograph of open pincers. Note the distal radial
and ulnar epiphyses.

In the growing child, closure is best obtained by starting distally. A
full-thickness graft is used proximally if indicated (Figure 7). Tight
closure should be avoided. The tourniquet should be released before
closure to allow a better evaluation of the circulation to the flaps. At the
completion of surgery, the pincer arms are dressed separately and
separated by the amount of space that was determined to be possible at
surgery. The limb should be elevated for 2 to 3 days. Active exercise can
begin in 2 to 3 weeks and should be focused on grasp and release rather
than pronation and supination.

Therapy
Preoperative
Even though children with transcarpal or transradial limb deficiencies can
do all or most age-appropriate activities of daily living without prosthetic
or surgical intervention, the Krukenberg reconstruction provides an
alternative method of performing bimanual tasks (Figure 8). The pincers
have the potential for excellent sensate functional grasp. Because the
procedure alters the appearance of the limb, it is important for the child
and his or her parents to view a video of functional activities being
performed by a child with a Krukenberg reconstruction; this should be
followed by a discussion with the treating surgeon and therapist.

Postoperative
Active grasp and release activities should begin 2 to 3 weeks after surgery.
It is best to open and close the pincers with abduction and adduction

movements, not with a pronation and supination scissor-type action. The
therapist can be helpful in teaching the child the proper motions to open
and close the digits. Flexing the elbow against resistance while holding the
ulnar post will assist in opposing the pincers. The therapist can also
instruct the parents or caregivers on the performance of helpful exercises.
After tenderness decreases, the patient is taught to grasp and release
small objects and then progresses to larger objects. Grasp of fine objects,
such as paper, is learned. For most children, grasp is strongest at the
proximal part of the pincers. Bimanual activities, such as playing with toys
and games and performing the activities of daily living, are important
aspects of rehabilitation therapy.

Figure 7

Illustration of the completed procedure. The volar
surface is to the left and the dorsal surface is to the right. The

hatched area represents the location of a full-thickness skin
graft, if needed.

Two years after a reconstruction, one of the authors of this chapter
worked with a clinician experienced in electromyography to test three
pediatric patients to determine which muscles were the most important for
pinch and separation of the arms of the Krukenberg forearm. The
brachialis was found to be the strongest separator of the radius from the
ulna. The flexor carpi ulnaris and the extensor carpi radialis were the
strongest adductors. Contrary to common belief, the pronator teres was not
a major contributor to strength or motion (John F. Lawrence, MD,
unpublished data.).

Summary
The purpose of the Krukenberg reconstruction is to provide sensate pinch
to children who are neurologically intact and have a functional forearm
and upper limb but are missing one or both hands. The procedure is
accomplished by splitting the forearm bones and creating two separate
pincers that can be used to manipulate and grasp objects.
The advantages of the procedure are that it creates sensate pinch,
allows skillful manipulation without the need for visual monitoring, and
creates a durable limb that is not affected by adverse environmental
conditions. There is no need to replace an outgrown prosthetic socket, nor
is there need for prosthetic repairs. The disadvantages of the procedure are
related to the acceptance of the appearance of the Krukenberg limb by
surgeons, parents, and peers.

Figure 8

Postoperative photograph of a teenage girl styling
her hair demonstrates the good bimanual function that can be
obtained with a Krukenberg reconstructed limb working with a
normal limb.

This chapter’s authors believe that the Krukenberg reconstruction is an
appropriate choice in the treatment of a blind or sighted child with a
unilateral or bilateral amputation at the level of the wrist or the proximal
metacarpals. The procedure is appropriate for children who are
developmentally older than 4 years of age because postoperative training
would be more difficult for younger children. Each family should be fully
counseled regarding the procedure so that an informed choice can be
made.
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Chapter 20

Elbow Disarticulation and
Transhumeral Amputation:
Surgical Management
Mickey S. Cho, MD

Abstract
The choice between elbow disarticulation and transhumeral amputation
always should be considered in the context of the primary goal, which is to
achieve the best functional outcome for the patient. Most upper limb
amputations are necessitated by trauma, and the definitive amputation level
often is determined by the injury. The condition of the soft-tissue envelope,
the residual limb length, and future prosthetic suspension options all must be
considered.
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Introduction
Amputation of an upper limb is a catastrophic event primarily performed
as the result of high-energy trauma,1,2 with approximately 90% of upper
limb amputations resulting from trauma3 (Figure 1). The surgeon’s goal in
selecting a definitive amputation level after traumatic amputation is to
ensure that the residual limb has maximal length and soft-tissue coverage
so that a highly functional prosthetic limb can be painlessly accepted
(Figure 2). The amputation itself is only the first step in the patient’s
rehabilitation from injury.

General Surgical Considerations
As much limb length as possible should be preserved to maximize the
patient’s options for later prosthetic fitting. In addition, having a relatively
long residual limb is useful for allowing the patient to interact with the
environment when the prosthesis is not being worn.4 The caveat in
maintaining maximal limb length is that the soft tissues must be able to
support the residual limb to achieve comfortable use of a prosthesis. The
zone of injury is the most important factor in choosing the final limb
length. Usually the most durable coverage is achieved with local skin
flaps. The ultimate size, shape, durability, and appearance of the residual
limb will affect a patient’s satisfaction and should be considered in
surgical decision making.4
Distraction osteogenesis and microvascular techniques can be used to
allow successful soft-tissue closure during an initial proximal transhumeral
amputation.5,6 Free-tissue transfer may be indicated for preserving the
shoulder joint (allowing a forequarter or shoulder disarticulation to be
converted to a transhumeral amputation), the elbow joint, or bone length of
more than 7 cm below the shoulder or elbow (to improve prosthetic fit and
performance).7
Although a transhumeral amputation proximal to the deltoid insertion
functions as a shoulder disarticulation, it has advantages over shoulder
disarticulation. Retaining the proximal humerus preserves the contour of
the shoulder, thus improving the fit of the prosthesis and cosmesis. There
is greater controversy as to whether a long transhumeral amputation or an
elbow disarticulation is preferable. The disarticulation offers enhanced
prosthetic suspension and rotational control because the medial and lateral
flares of the distal humerus are preserved. However, preserving the full
length of the humerus may preclude the use of a prosthetic elbow by
limiting the space available for a prosthesis; at a minimum, a bulky,
nonanatomic elbow component is required. The available external-hinge
elbow mechanisms can be cosmetically displeasing, particularly if the
patient has an unaffected contralateral upper limb. An angulation
osteotomy of the distal humerus or humeral shortening proximal to the
elbow can be used to improve rotational control and avoid limiting
prosthetic elbow options.3,8 On average, 7.6 cm of space above the center
of rotation of the elbow is required so that the prosthetic elbow center is at
the level of the intact elbow.9
Regardless of the final amputation level, proper management of the

nerves and muscles of the residual limb is of paramount importance.
Adequate padding of the residual bone end and prevention of postoperative
neuritic pain substantially affect prosthetic wear comfort. To this end,
myoplasty or myodesis should be done to pad any bony prominence about
the residual limb. Traction neurectomies of the major peripheral nerves
and the cutaneous nerves should be done to keep neuromas proximal to the
skin closure and the myoplasty or myodesis sites. However, overly
aggressive traction neurectomies can cause denervation of residual
proximal muscle and should be avoided. Tintle et al4 described several
reasons for caution in traction neurectomies. First, denervated muscle will
atrophy and can leave the residual limb poorly padded. Second, denervated
muscle cannot contract and thus cannot provide a signal for control of a
myoelectric prosthesis. Finally, the terminal nerve branches later may be
surgically transferred nonanatomically to local residual limb muscles to
create myoelectric control sites for intuitive control of a motorized
prosthesis; this technique is called targeted muscle reinnervation.

Figure 1

Clinical photographs of an upper limb injury
sustained from the blast of an improvised explosive device. A,
A more proximal level amputation is needed because of the
loss of soft tissue and gross contamination. B, The limb after
thorough débridement of devitalized soft tissue and bone. An
elbow disarticulation was required.

Modern prosthetic techniques allow comfortable fitting and function in
patients who have undergone amputation at almost any humeral level.
However, despite improved suspension techniques and advances in
bioprosthetic interfaces for myoelectric prostheses, the rejection rate of

upper limb prostheses is more than 30%.10,11 A prosthetic limb cannot
replace the sensibility or dexterity of the natural hand, and, as the
amputation level progresses proximally, the relative function of the
prosthesis decreases. The result can be diminished wear or use by the
patient. To improve the bioprosthetic interface and function of myoelectric
prostheses, research efforts have focused on improving suspension,
durability, degrees of freedom at the terminal device, and myoelectric
control at additional intuitive input sites. In addition, reducing the weight
of the prosthesis and extending its battery life are being studied.12-14

Elbow Disarticulation
General Considerations
Prosthetic elbow options are limited after an elbow disarticulation because
of the length of the humerus, and cosmetic issues may be a concern. A
proximal shortening osteotomy of the humerus, as described by Beltran et
al,3 is an attractive option that allows additional prosthetic elbow options
and improved cosmesis while maintaining the advantages of rotational
control and prosthetic suspension (Figure 3).

Surgical Technique
The patient is positioned supine, with the limb on a hand table, and a
tourniquet is placed high on the brachium and inflated to 250 mm Hg after
exsanguination. Equal anterior and posterior skin flaps are fashioned in a
fish-mouth pattern, with the proximal extent of the flap at the level of the
humeral epicondyles and the distal extent 3 cm distal to the tip of the
olecranon (Figure 4, A and B). It is better to fashion flaps that are longer
than anticipated for closure because they can always be trimmed. The use
of atypical flaps may be necessary depending on the soft tissue available
for closure. The lacertus fibrosus is identified and divided (Figure 4, C).
The lateral and medial antebrachial cutaneous nerves are identified, and
traction neurectomies are performed. Superficial veins are double clipped
using medium or small ligating clips and cut. Larger veins, such as the
medial cubital and cephalic veins, are ligated using 2-0 silk suture and cut.
The flexor-pronator mass is identified, released from the medial
epicondyle, and reflected distally to expose the median nerve and brachial
artery adjacent to the biceps tendon (Figure 4, D through F). The artery is
traced proximal to the elbow joint, double ligated using 2-0 silk suture, and

cut. The median nerve is gently drawn distally and cut sharply using a No.
10 blade, ensuring that it retracts at least 2 to 3 cm proximally. The ulnar
nerve is identified within the cubital tunnel and divided sharply in a similar
manner. The biceps tendon is released from its insertion on the radius, and
the brachialis is released from its insertion on the ulna and reflected
proximally. The radial nerve is identified between the brachialis and
brachioradialis and divided in the same fashion as the median and ulnar
nerves, with care to avoid an overly aggressive traction neurectomy. The
forearm extensor musculature is identified and divided 6 cm distal to the
joint line, in a transverse fashion, and the muscle mass is reflected
proximally. The posterior fascia is divided, as are the triceps insertion at
the tip of the olecranon and the anterior capsule of the elbow. The medial
and lateral collateral ligaments are released from their epicondylar origins,
and the disarticulation is completed (Figure 4, G).

Figure 2

Schematic drawing showing definitive humeral

amputation levels. The level of an elbow disarticulation (a), a
distal humeral amputation (b), a midhumeral amputation at the
level of the deltoid insertion (c), and a proximal humeral
amputation proximal to the deltoid insertion (d) are shown.

The articular cartilage is maintained on the distal end of the humerus.
The myoplasty is done by bringing the triceps tendon anteriorly and
suturing it to the brachialis and biceps muscles using size 0 polyglycolicacid absorbable suture, such as VICRYL (Ethicon). To further pad any
bony prominences on the distal humerus, the forearm extensor muscle
mass is brought medially and sutured to the periosteum or remnants of the
flexor-pronator mass at the medial epicondyle, using size 0 polyglycolicacid suture.
Before final skin closure, the tourniquet is deflated, and meticulous
hemostasis is obtained. The subcutaneous tissue is closed with 2-0
polyglycolic-acid suture and with staples or monofilament suture for the
skin (Figure 5). A bulky soft dressing is applied over the distal humerus in
a figure-of-8 fashion, using a sterile, woven six-ply gauze bandage and
elastic wrap, and is left in place for 3 days. A drain is not routinely used.

Figure 3

Preoperative AP (A) and lateral (B) radiographs of
a transverse humeral fracture with apex lateral angulation.
Postoperative AP (C) and lateral (D) radiographs of the
humerus after an osteotomy and fixation with a locking
compression plate. (Reproduced with permission from Beltran
MA, Kirk KL, Hsu JR: Minimally invasive shortening humeral
osteotomy to salvage a through-elbow amputation. Mil Med
2010;175[9]:693-696.)

Transhumeral Amputation
General Considerations

Every effort should be made to follow the principles of length preservation
and soft-tissue management when selecting a transhumeral amputation
level. If the condyles are not preserved, the ideal level of amputation
should be at least 4 cm proximal to the elbow joint.5 For long transhumeral
amputations, an angulation osteotomy of the distal humerus as described
by Marquardt and Neff,8 or a modification, should be considered. The
benefit of using an angulation osteotomy rather than an elbow
disarticulation is to allow a wider choice of prosthetic elbow options and to
eliminate limb length issues with prosthesis wear. The osteotomy also
improves rotational control and suspension of the prosthesis, compared
with a traditional transhumeral amputation.
It is important to ensure that an angulation osteotomy does not shorten
total humeral length substantially more than intended. For the osteotomy
to have maximal benefit, the starting length of the humerus must extend to
the metaphyseal flare or farther (Figure 6). An anterior closing-wedge
osteotomy is preferred, with the distal segment at least 5 cm in length. The
use of a contoured 3.5-mm reconstruction plate at a 70° angle is preferred
to the original Marquardt technique because the final desired angle of
osteotomy is easier to obtain and maintain when a plate is used rather than
a screw or Kirschner wire (Figures 7 and 8).

Figure

4

Photographs showing a cadaver elbow
disarticulation. A and B, Equal anterior and posterior skin flaps
are fashioned in a fish-mouth pattern, with the proximal extent
of the flap at the level of the humeral epicondyles and the distal
extent 3 cm distal to the tip of the olecranon. C, The anterior
skin flap is elevated to show the lacertus fibrosus and
underlying forearm musculature prior to division. D, The flexorpronator mass is released from the medial epicondyle and
reflected to expose the median nerve. E, The released brachial
artery is shown. F, The released biceps, brachialis, and
collateral ligaments are shown. G, The completed elbow
disarticulation is shown.

Surgical Technique
As in an elbow disarticulation, a sterile tourniquet should be used on the
brachium if the humeral length allows. Beginning at the level of the
intended bone resection, equal anterior and posterior skin flaps are made in
a fish-mouth fashion. The length of the flaps should be half the diameter of
the brachium at that level. The condition of the soft-tissue envelope will
dictate the final configuration of the skin and muscle flaps.
The brachial artery and the brachial and cephalic veins are double

ligated using 2-0 silk suture. The smaller veins and vessels can be ligated
with clips or ties. The major peripheral nerves should be resected using
gentle traction neurectomies. Nerve transfers can be considered for
targeted muscle reinnervation, either immediately (in a pristine wound
setting) or soon after the initial procedure, to improve future myoelectric
prosthetic control and reduce neuroma pain.15-17

Figure 5 AP radiograph of a completed elbow disarticulation.

Figure 6

Preoperative AP radiograph of a long transhumeral

amputation before an angulation osteotomy.

The muscles in the anterior compartment of the brachium should be
divided at least 2 cm distal to the intended bone resection level. The
insertion of the triceps tendon is freed from the olecranon; the triceps
fascia and muscle are preserved. The triceps is mobilized proximal to the
level of the planned bone resection. Electrocautery is used to score the
periosteum circumferentially at the level of the planned bone resection.
The bone is divided at this level using a sagittal power saw or Gigli
manual saw. The bone ends are smoothed with a rasp or saw. Myodesis is
done using two holes drilled into the anterior cortex of the humerus with a
2.0-mm drill bit just proximal to the level of the bone resection. Two No. 2
polyester nonabsorbable sutures are used to bring the triceps anteriorly
over the end of the residual humerus and secure it through the drill holes.
A suture anchor can be used as an alternative (Figure 9). The anterior
musculature is secured to the fascia of the triceps that was brought over the
end of the humerus, using size 0 polyglycolic-acid suture, thus securing
the proximal musculature and further padding any remaining bony
prominences.

Figure 7

A, Intraoperative photograph showing provisional
fixation of a closing wedge osteotomy with a 3.5-mm stainless
steel reconstruction plate, which was bent to approximately 70°.
Note that the osteotomy was made at least 5 cm from the end
of the residual humerus to allow for an appropriate fulcrum for
suspension of a prosthesis. B, Intraoperative photograph
showing completed fixation of the osteotomy site with the
reconstruction plate.

Figure 8

AP (A) and lateral (B) radiographs showing a
humerus after an angulation osteotomy.

Figure 9

AP radiograph of a humerus after a transhumeral
amputation. A metallic anchor in the distal humerus was used
for myodesis.

Before closure, the tourniquet is deflated, and meticulous hemostasis is
obtained. The skin flaps are trimmed, and subcutaneous tissue is closed
using 2-0 polyglycolic-acid suture and staples or monofilament suture for
the skin. A bulky soft dressing is applied over the distal humerus in a
figure-of-8 fashion, using a sterile, woven six-ply gauze bandage and
elastic wrap, and is left in place for 3 days. A drain is not routinely used
but can be considered for an amputation within the zone of initial injury.

Rehabilitation
After an elbow disarticulation or transhumeral amputation, the use of an
indwelling pain catheter is recommended for control of postoperative pain.
The patient typically is hospitalized 2 to 3 days for pain control. The
postoperative dressing is changed before discharge, and the staples or

sutures are removed at 2 weeks. At this point, a formal stump shrinker is
applied, and by 4 weeks the patient is fitted with the initial body-powered
prosthesis. It is critical for the initial fitting to take place as soon as the
condition of the soft tissues allows. Wright et al10 and Robinson et al18
found a positive relationship between early fitting and the patient’s
sustained use of a prosthesis. Patients who underwent unilateral
transhumeral amputation were least likely to use a prosthesis. During the
early phases of prosthetic fitting and rehabilitation, it is critical for the
patient to have both social and peer support for dealing with the loss of the
limb.19

Managing Complications
Infection and wound-related complications such as dehiscence and scar
sensitivity are the most common complications after definitive closure, and
they necessitate additional surgical intervention. Many complications are
directly related to the amount of initial traumatic contamination and energy
impact on the soft tissue. The treatment for a deep infection or abscess is
débridement and irrigation. Wound dehiscence or scar sensitivity can be
managed by revision primary closure or excision of the painful scar,
respectively.
A postoperative infection or wound complication can occur after any
surgical procedure, but phantom limb pain, residual limb pain, neuroma
pain, and heterotopic ossification occur relatively often in patients who
have undergone amputation. More than 50% of these patients are affected
by phantom limb pain at some point during the rehabilitation process.11
Pain after upper limb amputation does not always impair functional use of
a prosthesis.4
Discomfort while wearing a prosthesis is the most common reason for
reoperation to treat neuroma pain and heterotopic ossification. Excessive
pressure on sensitive neuromas or bony prominence while the limb is in
the prosthetic socket may prevent the patient from wearing or using the
prosthesis. Neuromas are inevitable after resection of peripheral nerves,
but thoughtful traction neurectomy and possibly targeted muscle
reinnervation can reduce the risk of symptomatic neuromas.16-20

Summary

The ultimate upper limb amputation level usually is dictated by the initial
injury. In choosing a definitive amputation level, careful consideration
must be given to bone length and, more importantly, the condition of the
soft-tissue envelope. Modern prosthetic techniques allow the patient to be
fitted with a prosthesis at any humeral amputation level. In most patients,
maintaining the maximal possible humeral length is desirable. Maintaining
the humeral epicondyles allows rotational control at the elbow
disarticulation level and allows better suspension of the prosthesis. The
disadvantages of limited elbow component options and an undesirable
cosmetic appearance at the elbow disarticulation level can be overcome
through humeral shortening. Another attractive option is a distal humeral
angulation osteotomy that maintains the epicondyles. An amputation level
at least 3 to 5 cm proximal to the native elbow center of rotation increases
the number of options for elbow components and maintains the benefits of
the epicondyles.
Aside from infection, discomfort related to prosthetic wear is the most
common reason for revision surgery after definitive amputation. Most
causes of uncomfortable prosthetic wear are related to suspension issues at
the residual limb–socket interface, leading to pain from pressure spots.
Painful scars, inadequately padded bony prominences, heterotopic
ossification–related discomfort, and neuromas are common. Although
humeral length is of paramount importance in surgical decision making,
the importance of adequate padding of distal bone ends and appropriate
peripheral nerve management, regardless of the amputation level, should
not be overlooked in the interest of achieving an optimal functional
outcome.
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Elbow Disarticulation and
Transhumeral Amputation:
Prosthetic Management and
Design
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Abstract
The transhumeral prosthesis can present fitting challenges for the prosthetist
because of the underlying musculoskeletal anatomy of the residual limb as
well as the variety of components and control options. The prosthetist must
also balance the functional expectations of the prosthesis with the added
goals associated with comfort and appearance. Often, alternative socket
designs are necessary to meet the needs of the individual patient. A clinical
knowledge of loading characteristics, volumetric considerations, control
options, postoperative management, and the fabrication of the interface is
necessary in developing a comprehensive prosthetic care plan for a patient
using a transhumeral prosthesis.

Keywords: above-elbow; amputation; arm prosthesis; dynamic
socket; elbow disarticulation; prosthetics; transhumeral
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Introduction
The transhumeral socket interface presents several unique prosthetic
challenges.1 As with other levels of prosthetic interface design, it must
provide adequate proximal musculoskeletal stability while managing the
distal volume of the residual limb. These objectives must be accomplished
even though the transhumeral prosthesis is suspended from a highly

mobile proximal skeletal joint, with its own weight distracting it distally.
The triaxial stability and coupling of the interface to the residual limb is
further influenced by the interaction of the upper limb harness design and
by the choice of control system used. For example, body-powered systems
with laterally mounted control cables may inadvertently pull an interface
into external rotation if the socket is loose or does not have adequate
posterior proximal support. In many instances, an otherwise well-made
interface may not provide adequate comfort or suspension if the harness
does not fit well.
Similar to the transfemoral level where the prosthetic socket is often
based on the volumetric containment of the dynamically moving soft
tissue, the transhumeral level must also encompass the tissue around the
shaft of a humerus that is generally too narrow to provide the distal
skeletal substructure needed to fully stabilize and maintain the position of
the prosthesis. As a result, both actuation and external loads create force
couples within the socket that must be anticipated and managed. In the
sagittal plane, the interface has the tendency to be pulled into extension as
loads on the forearm cause the socket to rotate forward. This places
additional localized loads on the anterior distal area of the limb. In the
frontal plane, patients with a high degree of glenohumeral abduction may
experience increased lateral-distal loading if the arm is not properly
aligned. In the absence of adequate soft tissue, these areas can be
vulnerable to painful socket pressures. However, when managing patients
with excessive redundant tissue, management of the soft tissue is equally
important because the rigid skeletal structures are deeper and more
difficult to load. The various possible levels of transhumeral amputation
provide additional challenges, with longer amputations requiring
accommodation of the humeral condyles, and proximal-level amputations
requiring greater proximal loading.
The prosthetist may be further challenged by a lack of any widely
accepted, consistent clinical protocols for impression taking and
modification techniques. In many instances, because of the relative rarity
of transhumeral amputations, the clinician has not had sufficient
experience to build a clinical reference for managing these patients.
All of these factors make the transhumeral interface design more
challenging to manage and may contribute to the low prosthesis
acceptance rate (range, 27% to 61%) in individuals treated by practitioners
unfamiliar with the transhumeral fitting level.2-5 Factors contributing to

prosthesis acceptance include the amputation level, functional
expectations, the comfort level and cosmetic needs of the patient, and the
available peer and professional support.3,6 As with other levels of upper
limb involvement, ultimate acceptance of prosthesis use by transhumeral
amputees is based on the ability to achieve their desired functional goals
within their comfort tolerance. It is critical that prosthetists are aware of
the process, components, concepts, and expected outcome for each
prosthesis to ensure that their patients have the best chance of success.6

Figure 1

Photograph of an individual wearing a typical elbow
disarticulation prosthesis with outside hinges.

Related Amputation Types
Although this chapter focuses on the prosthetic management of
transhumeral amputations, related amputations are also briefly described.
In certain instances of limb paralysis, such as a brachial plexus injury,
patients may elect transhumeral amputation and fusion of the

glenohumeral joint, with 20° abduction, 30° flexion, and 40° of internal
rotation.7 In this elective amputation, all prosthetic elbow componentry
can be accommodated if the humerus is amputated 100 mm (3.94 inches)
from the tip of the olecranon.8,9 Although amputation offers a more
functional solution than a flail arm, the decision to amputate is very
difficult and must be treated with great sensitivity because it involves the
removal of an arm that appears normal.
An elbow disarticulation (through-elbow amputation) has several
advantages, including maximizing the length of the mechanical lever arm,
minimizing disruption to soft tissues, providing a load-tolerant distal end,
and permitting distal supracondylar suspension.10,11 However, the major
disadvantage is that the prosthetic elbow center is ideally located more
proximal than the distal end of the limb, necessitating the use of elbow
hinges that are laminated outside of the interface rather than mounted
beneath it as in a transhumeral presentation (Figure 1). Cosmetically, this
increases the distal mediolateral dimension at the elbow joint.
Functionally, it restricts the number of componentry options and shortens
the prosthetic forearm.

Figure 2

Illustrations of the de Luccia and Marino osteotomy

procedure to reduce humeral length. A, Location of the cut lines
on the humerus. B, Reduced length with removal of the bone
segment. (Reproduced from Daly WK: Elbow disarticulation
and transhumeral amputation: Prosthetic management, in
Smith DG, Michael JW, Bowker JH, eds: Atlas of Amputations
and Limb Deficiencies: Surgical, Prosthetic, and Rehabilitation
Principles, ed 3. Rosemont, IL, American Academy of
Orthopaedic Surgeons, 2004, pp 243-249.)

Elbow disarticulation is often used in pediatric amputations because it
reduces bony overgrowth by preserving the epiphyseal growth plates. As
the child ages, growth of the ipsilateral humerus can be surgically
restricted to shorten the arm over time so that the length discrepancy is not
noticeable in adulthood. This creates a load-tolerant residual limb capable
of self-suspension at a transhumeral limb length.
Less frequently used variants of transhumeral amputation have also
been described,9,10,12,13 including an osteotomy procedure described by
de Luccia and Marino14 in which a bony section of the diaphysis is
removed to place the humeral epicondyles more proximally (Figure 2). In
another variation, Marquardt and Neff12 described an angulation
osteotomy that fixes the distal humeral shaft length at 45° (Figure 3). This
procedure is most often used to treat patients with bilateral amputation or
those desiring a more secure coupling with the transhumeral
interface.9,10,13

Soft-Tissue Considerations
Most transhumeral amputations involve the use of anterior-posterior flaps
for closure, with a myodesis of the biceps and triceps muscles to the distal
humerus to preserve stability and maintain alignment.10 Additional
myoplasty is performed to preserve the soft-tissue padding and muscular
balance of the residual limb. Myoplasty provides good distal padding, but
it may make it difficult for the patient to differentiate the independent
myoelectric signals during initial training.

Figure 3

Radiograph of a Marquardt angulation achieved
with an anterior closing wedge osteotomy. (Reproduced with
permission from Marquardt E, Neff G: The angulation
osteotomy of above elbow stumps. Clin Orthop Relat Res
1974;104:232-238.)

Although the muscle bellies of the biceps and triceps are initially in the
original longitudinal position, there is a tendency for them to migrate
medially, which alters the position of the electromyographic (EMG) sites
as the limb matures. It is important to recheck and adjust EMG sites to
maintain correct positioning. If the muscle bellies release from the
myodesis or myoplasty, muscle bunching may occur, with the muscle belly
migrating proximally during contraction. This can create problems in
volume management and the placement of myoelectrodes as the muscle
dynamically contracts. This internal movement can also cause release of
the proximal seal within suction sockets, which allows air to enter into the

socket and eliminates the negative pressure environment necessary for
suspension.

Figure 4

Clinical photograph of an individual who was
treated with an innervated pectoralis transfer for the purpose of
maintaining an active electromyographic control site for a
possible
future
myoelectrically
controlled
prosthesis.
(Reproduced from Andrew JT: Prosthetic principles, in Bowker
JH, Michael JW, eds: Atlas of Limb Prosthetics: Surgical,
Prosthetic, and Rehabilitation Principles, ed 2. St. Louis, MO,
Mosby-Year Book, 1992, pp 255-264.)

Because most of the muscle structures are left intact, these concerns
are less common with elbow disarticulation. However, some surgical
reduction of distal soft-tissue bulk may be preferred because it allows the
transverse geometry of the distal humerus to provide greater suspension
and rotational control. Excessive distal redundant tissue can prevent a tight
fit and impede control of the prosthesis.8
Muscle transfers and targeted muscle reinnervation techniques can be
used to provide additional EMG sites for external power activation.
Transfer of an innervated latissimus dorsi, a gracilis, or a pectoralis muscle
can be used to create useful EMG sites if none are available15-17 (Figure
4). Targeted muscle reinnervation repositions existing nerves to the
remaining muscle groups that have been separated. Some patients who

have undergone such procedures have achieved surprising levels of control
complexity in combination with sophisticated pattern recognition control
systems.18

Postoperative Prosthetic Management
It is commonly accepted that early prosthetic fitting results in greater
acceptance of an upper limb prosthesis. The 30 days after surgery are often
referred to as the golden period for prosthetic fitting.19 It is thought that if
fitting occurs beyond this period, the patient will have adapted to some
degree, becoming reliant on unilateral activation strategies.19 Early
management of the amputation results in volume reduction and pain
attenuation by enclosing the residual limb in a more rigid dressing or a
flexible liner.20 Early prosthetic fitting also may have a psychological
benefit because the patient can begin to incorporate the proprioception or
kinesthetic awareness of the prosthesis into his or her body image.
Elastic shrinker socks or bandages can be used to initially shape and
reduce the distal soft-tissue volume. Subsequently, a basic upper limb
prosthesis can be constructed of endoskeletal componentry and attached to
a rigid dressing or preparatory socket to begin training in prosthesis
control. After the shape and volume of the distal limb stabilize, a more
definitive interface can be made (Figure 5). As the limb undergoes
volumetric changes, the use of an adjustable harness will assist in
maintaining suspension.
During the postoperative phase, the rehabilitation team should meet to
establish immediate, short-term, and long-term goals.21,22 The preparatory
prosthesis allows the patient to become accustomed to the loading
characteristics, control movements, weight, and operation of a
prosthesis.21,22 The prosthetist should involve the patient and his or her
support group in all phases of prosthesis development. The patient who is
informed about recommendations and who actively participates in
decisions regarding his or her prosthesis will typically establish a greater
sense of ownership and dedication to the process.21,22
The value of immediate psychological counseling and peer visits
during the early postoperative phase should not be underestimated because
the upper limb plays a vital role in function and human social interaction.
A peer who has experienced upper limb loss can help the new amputee
establish realistic expectations and prepare for future challenges that may

aid in long-term prosthesis acceptance and use.22

Figure 5

Photograph of a transhumeral immediate
postoperative prosthesis, with a frame constructed of fiberglass
casting tape, an adjustable cable length, a figure-of-8 harness,
and a split-housing dual-control cable system.

Transhumeral Interface Considerations
Historically, transhumeral interfaces fit rather loosely about the residual
limb, and heavy socks were used to increase anatomic loading.21 After
donning with a thick sock, the residual limb was simply pushed into the
loose fitting socket, and few anatomic characteristics or contours were
considered.21 Subsequently, the half-and-half socket, which is
characterized by an open proximolateral deltoid area and the use of a
flexible band over the shoulder, offered an improvement in
musculoskeletal and volumetric control.23 The integrated saddle design,
described by McLaurin et al24 in 1969, served as a forerunner to more
modern designs that use extended deltopectoral and infraspinous wings to
help support the weight of the limb. The above-elbow suction socket
described by Pentland and Wasileif25 suggested that suction suspension
could be used to support the transhumeral limb and minimize the need for
extra harnessing.26 The Utah dynamic socket, described by Andrew,8
introduced several fitting objectives based on the anatomy of the
transhumeral limb (Figure 6). These principles are valuable, not only for
externally powered arms as originally proposed, but also for stability in
body-powered systems. Although other authors have introduced design
nuances, several common goals have persisted in all of the design

variations.25-27
Prosthetic transhumeral interface fitting is influenced by the following
six factors: (1) the length of the humerus, (2) the thickness and condition
of the subcutaneous skin, (3) the shape of limb, (4) the condition of
underlying musculature and skeletal substructure, (5) the load tolerance of
the patient, and (6) the range of motion of the glenohumeral and
sternoclavicular joints.8,9 The consideration of these attributes helps
formulate which features of the interface design are emphasized to a
greater or lesser extent.
The length and condition of the humerus, which acts as the functional
lever arm, determines the amount of load that the patient can support,
especially during glenohumeral flexion and abduction. The condition of
the cut end of the humerus is of particular importance because it is the
distal point of contact in the interface. A suitable amount of distal relief
will allow comfortable loading of the more proximal humeral shaft rather
than the cut end. In some instances, when humeral length is short, bonelengthening procedures have been used to increase the available gradient
of loading.

Figure 6

Illustrations of the Utah Dynamic Socket. A, The
socket improves comfort by providing a better fit. B,
Anteroposterior (AP) compression controls rotational instability
while minimizing harnessing. ML = mediolateral. (Reproduced
from Andrew JT: Prosthetic principles, in Bowker JH, Michael
JW, eds: Atlas of Limb Prosthetics: Surgical, Prosthetic, and
Rehabilitation Principles, ed 2. St. Louis, MO, Mosby-Year
Book, 1992, pp 255-264.)

Figure 7

Photographs of patients wearing different socket
designs. A, Pull-in socket design. B, Push-in socket design.

As is the case with transfemoral designs, the transhumeral interface
design must be able to manage the distal volume of the interface while
maintaining an intimate proximal musculoskeletal fit. The volume of the
distal limb can be evaluated for general compressibility and firmness. The
subcutaneous tissue and overlying skin also can be assessed by lightly
pinching the tissue at the midhumeral level. These qualitative measures
can be used to determine the amount of tension or circumferential
reductions below the anatomic measure that are necessary for a pull-in–
type socket design. Typically, a greater amount of tension is necessary if
the distal limb has a greater amount of compressibility and subcutaneous
thickness.
A major consideration in the selection of the transhumeral interface
design is the choice between a pull-in or push-in design (Figure 7).
Historically, a push-in design has been used because of its ease of
construction and relatively loose fit22 (Figure 8). The patient simply
pushes the residual limb into the interface after donning the harness in an
overhead sweater or lateral coat fashion. This is possible because the
interface fits loosely over the limb with a thick wool sock.22 Because the
shape of the residual limb is not intimately captured, a substantial amount
of movement, termed bell clapping, is possible within the interface. As a
result, much of the excursion and movement needed for body-powered
control is lost, especially with shorter residual limb lengths. However, if
the push-in interface design is tightened excessively, the patient may
experience proximal “hammocking” in which the tissue of the residual

limb is pushed proximally and gathers at the top of the interface causing
soft-tissue tension and pain over the distal end.22
Push-in designs are popular with shorter limb lengths in which the
volume of the distal tissue does not need to be strictly managed. In
addition, push-in designs are preferred for elbow disarticulations when the
distal skeletal substructure allows for comfortable insertion (there is not
excessive redundant tissue) and distal suspension alternatives are used.
More modern push-in designs or those with a tighter fit typically use an
evaporative lubricant, such as a gel hand sanitizer or water-based
ultrasound gel, to allow easier insertion.

Figure 8

Photograph of an individual with a transhumeral
prosthesis with a push-in interface design. Donning involves
pushing the residual limb into the interface, usually with the aid
of a prosthetic sock. The interface must be made loose to allow
easy donning.

With the advent of externally powered prostheses, a more intimate

socket fit was needed to gain a more consistent position for the
myoelectrodes over the surface of the residual limb because they detect
muscle activity. The pull-in design uses the suspension techniques derived
from transfemoral fitting in which the residual limb, without an interface
cushioning sock, is pulled into a socket with a smaller circumference than
the anatomic limb (Figure 9). This allows an intimate and consistent “skin
fit” that is necessary for myoelectric control, as well as partial suction
suspension when using an external suction valve that is applied after
donning. Another advantage of the pull-in design is that physical
movement of the residual limb is well-captured, which allows for lower
proximal trim lines, greater axilla comfort, and improved range of motion.
For these reasons, some individuals who use body-powered prostheses
may also benefit from the use of pull-in designs.

Figure 9

Photograph demonstrating the donning of a pull-in
interface design. A sheath is used to pull the residual limb into
the interface. Because the prosthetic interface has a smaller
circumference than the anatomic limb, volumetric pressure is
created within the donned socket.

However, donning a pull-in prosthesis can be challenging. The patient
must temporarily place and hold the prosthetic arm in position (without the
benefit of the harness because it has not been donned) while pulling the
residual limb distally into the socket. Although a low-friction donning
sheath is used to improve donning speed, assistance is often required. Pullin designs are often used for medium to long transhumeral amputations in
which the distal volume of the limb must be managed. The donning
procedure can be prohibitive for patients with compromised contralateral
dexterity and patients with bilateral upper limb amputation.
The general shape of the transhumeral residual limb also is an
important consideration. The shape of the lateral humeral shaft should be
evaluated for loading ability, especially along the distal half of its bony
length. Longer limb lengths are typically flatter along the humeral shaft,
whereas elbow disarticulations exhibit a distal lateral concavity. Shorter
limb lengths are more convex because the bony substructure is not present.
Limb shape may also be affected by the subcutaneous tissue or the degree
of muscular attachment, as was previously mentioned. A firm residual
limb with little compressible tissue, such as an elbow disarticulation, will
have a more characteristic shape, whereas a shorter limb with a more
fleshy presentation will exhibit a more rounded and uncharacteristic shape.

Figure 10

Clinical photographs of a patient demonstrate
anterior (A), lateral (B), and posterior (C) alignment of an
endoskeletal transhumeral prosthesis.

The way the patient holds the limb in the frontal plane, referred to as
the carrying angle, should be noted. Patients with broader chests will
typically hold the upper arm in a more abducted position, whereas a more
adducted position will usually be favored by patients with narrower chests.
This positioning may be further affected by limb length because the
increased weight of a longer limb may tend to adduct the arm, whereas the
absence of distal muscular attachments in shorter limbs may create a more
abducted carrying angle. This positioning should be considered in the final
assembly of the prosthesis (Figure 10). If the elbow axis is not aligned
properly based on the carrying angle, the elbow axis will not be parallel to
the ground.
During the evaluation process, the underlying musculature and skeletal
structure should be noted, especially in the load-bearing areas. The patient
should be asked to contract the musculature of the anterior biceps and
posterior triceps. The apex of each muscle belly should be evaluated for
any resultant changes in shape and volume and, if indicated, for
myoelectrode placement. Asking the patient to contract the biceps with
internal glenohumeral rotation and the triceps with external glenohumeral
rotation may help identify the muscle positions.
The subsurface skeletal structures also should be examined. The
locations of the clavicle and spine of the scapula should be noted because
the proximal trim lines of the interface are usually placed just inferior to
these pressure-sensitive areas. The position of the acromioclavicular joint
is noted by palpating to the lateral edge of the posterior spine of the
scapula. This position is indicative of the lateral position of the
glenohumeral joint, and it is used for limb-length assessment and
measurement. The lateral shaft of the humerus is marked as a load-tolerant
surface area that terminates 10 mm proximal to the cut end where distal
humeral relief is provided.

Figure 11

Clinical photograph of a practitioner pulling the
distal tissue of the residual limb into circumferential tension
(beige material) using a cotton sock (white material).

In elbow disarticulation, the lateral and medial supracondylar ridges
and condyles should be noted (generally observed as a coronal dimension
that is wider than the midshaft of the humerus). The complexity of the
interface design is increased because it will be necessary to make an
allowance for the passage of this wider dimension into the distal interface.
This may be accomplished with alternative interface designs, such as a
removable medial door, a padded stovepipe liner, a spiral modification, an
inflatable bladder, a clamshell, or an open design, which are discussed
later in this chapter.
As the muscular and skeletal structures are located, it is crucial to
evaluate the residual limb for load-bearing tolerance and sensitivity.
Proximal load bearing is often obtained through an anteroposterior force
couple comprised of the deltopectoral region (bordered by the clavicle
proximally, the pectoralis medially, and the pectoralis tendon inferiorly)
and the area inferior to the spine of the scapula. If sufficient
anteroposterior pressure is achieved within the interface, a degree of selfsuspension can be created, which is especially important with the added
weight of an externally powered prosthesis. However, the pressure of the
interface against the sensitive prominences of the humeral head and the

coracoid process should be considered.
Distally, the loading area is along the lateral shaft of the humerus and
should terminate proximal to the cut end of the bone. Load bearing in this
area can be compromised by scarring, wounds, internal neuromas, or a
distal end of the humerus that was inadequately beveled at the time of
amputation. Relief alone may be inadequate to off load a tender area in this
aspect of the socket. Frequently, relief must be coupled with loading just
proximal to the sensitive area. In addition to managing the loads associated
with the weight of the prosthesis, the distal end of the limb may experience
direct distal loading when the arm is pushed distally against a table or
other object. This area should be evaluated for any sensitivity that may
occur if there is inadequate distal padding.
Distally, the mediolateral tension supports the carrying angle of the
residual limb as well as maximizing the amount of distal coupling to the
interface. A loose interface would allow excessive motion of the socket
and precipitate increased impingement on the lateral distal area. Often,
practitioners will pad the proximolateral area if there is a lateral gap, but
this practice does not correct the position of the socket on the limb and
ultimately makes the lateral distal end more prone to impingement.
The range of motion of the glenohumeral and sternoclavicular joints
and the mobility of the scapula should be examined with respect to
movement within the interface. This range of motion, especially
glenohumeral flexion and extension, is dictated by the size of the
deltopectoral and infraspinous wings incorporated within the trim line. The
longer the residual limb, the less prominent these wings need to be because
rotation can be resisted more distally.
The mobility of the shoulder is also important when considering the
control options for body or external power. Glenohumeral flexion and
biscapular abduction are the most commonly used biomechanical methods
for operating a body-powered prosthesis. However, smaller movements,
including shoulder elevation, biscapular retraction, or biscapular
depression, can be used to activate electronic switches. Internal pressure
switches may be used, but the shoulder must be able to move
independently within the interface to make consistent contact and apply
pressure.

Taking a Transhumeral Casting Impression

When taking the impression for a transhumeral interface, it is important to
consider (1) distal volume management, (2) proximal anteroposterior
musculoskeletal loading, (3) comfortable loading with the control
preference, (4) ease of donning and doffing the prosthesis, and (5)
maximum range of motion.
Management of distal limb volume can be achieved by using elastic
plaster distally over tubular-shaped cotton casting gauze or an elastic sock
that has been tightly fitted to the patient. If the patient does not have firm
musculature, the limb may be pulled into a compression sock with a cotton
stockinette. This technique applies circumferential tension and pulls the
tissue distally from the proximal axilla area. Because this technique will
also have the effect of elongating the limb 25 mm or more, the length
measurement from the axilla should be measured after the elongation has
been done (Figure 11).
Careful measurements may include the limb length from the acromion
process to the distal end, from the axilla to the distal end and
circumferences at the axilla, along the midhumeral shaft, and at the apex of
the distal end. Many practitioners believe that the measurements are
accurately represented “in the mold;” however, if careful measurements
are not recorded, it is difficult to attain the correct amount of compression,
especially when the limb is under tension. If a compression sock is used,
the circumferences should be measured after the limb has been pulled into
the sock.

Figure 12

Photographs show techniques for taking a
transhumeral casting impression. A, The posterior-proximal
finger position. The index finger is inferior to the spine of the
scapula in the infraspinous area. B, The posterior-anterior
finger position. The digits form a C-shape around the head of
the humerus but inferior to the clavicle. The thumb positions are
crossed. C, An alternative proximal hand grip demonstrating
use of the thenar and hypothenar eminences of both hands to
apply load posteriorly and anteriorly. This hand hold is often
recommended for prosthetists with smaller hands. D,

Secondary distal hand hold. The outer hand is placed just
proximal to the cut end of the humerus. The inner hand is
placed against the thoracic area pushing into the axilla. Notice
that the fingers are aligned perpendicular to the chest wall to
avoid excessive proximal compression. Slight mediolateral
pressure is applied, but not so much as to “pancake” the
residual limb. (Courtesy of Ottobock, Austin, TX.)

Proximal musculoskeletal loading is accomplished by achieving a tight
anteroposterior dimension between the deltopectoral groove and the
infraspinous area. Before taking the impression, this dimension should be
measured with calipers while a comfortable level of compression is being
applied. This anteroposterior measurement should be recorded for
modification and also taken over the impression during casting. To
preserve this position as the negative impression is removed, the calipers
can be placed into position after removal of the casting to ensure accurate
dimensional control. This contour can be molded with a plaster splint
running from the posterior to the anterior wing or with recurrent back-andforth splinting over the shoulder to encapsulate the deltopectoral region
and the scapula.
During casting, the index finger of the posterior hand should be placed
just inferior to the spine of the scapula, and the breadth of the hand should
be placed along the posterior plateau of the scapula (Figure 12, A).
Anteriorly, the fingers should be placed around the head of the humerus in
a horseshoe or a backward C-shape (Figure 12, B). The fingers should not
make indention points in the impression, but rather should provide
broadened and general loading by massaging the regions in a circular
fashion and avoiding the bony anatomy of the spine of the scapula and
humeral head.
An alternative handhold for smaller hands is to place the thenar and
hypothenar areas of the posterior hand in the infraspinous area, with the
fingers wrapping superiorly and anteriorly (Figure 12, C). The anterior
hand is placed with the thenar and hypothenar areas encapsulating the head
of the humerus. The fingers may then be clasped over the proximolateral
area. With this technique, the interface creates an internal “saddle” that can
partially load the shoulder of the involved side; this interface quality is
especially important for use with externally powered components.
With this second casting strategy, the clinician should periodically
squeeze the mediolateral dimension at the axilla (Figure 12, D). In doing

so, it is important to maintain a vertical orientation of the medial hand
relative to the long axis of the limb. If the fingertips of the medial hand
exert an excessive push into the axilla laterally toward the humerus, a
dovetailing effect can occur at the proximomedial brim, making the socket
painful and difficult to doff. The lateral hand should be used to form the
lateral side of the shaft of the humerus, and the distal portion of the hand
should be placed proximal to the cut end of the bone. At this point, if any
muscle bunching has been observed, the muscles should be repeatedly
flexed and relaxed. The muscle node should be located and supported
distally during the impression taking. It is important to remember that with
fleshy limb shapes, the clinician should not overflatten or “pancake” the
mediolateral dimension because this would prevent easy donning of the
prosthesis.
It is important to hold the patient’s arm in maximal adduction with the
back of the medially positioned hand contacting the thoracic area. A
common error is to inadvertently hold the limb in abduction while the
impression is being taken. In such cases, the evaluation interface will
appear to fit only when the arm is in abduction rather than adduction. This
also can result in lateral distal pressure.
It must be remembered that as proximal anteroposterior shaping is
achieved, there will be increased proximolateral deformation, which can
result in substantial gapping. As the plaster begins to harden, the depth to
the tissue can be indicated with the index finger. At the time of
modification, this volume of material may be removed to the indicated
depth. It is not uncommon for 25 mm of material to be removed in this
area during modification.
With longer limb lengths and in elbow disarticulations, additional steps
are required distally to accommodate the wider distal mediolateral
dimension. If a seamless impression is desired, a felt or foam pad can be
created that spans from the medial epicondyle to the height at which the
mediolateral dimension of the arm matches the mediolateral dimension of
the distal condyles. This pad can be secured to the casting garment with
double-sided tape before impression taking. Alternatively, the impression
may be taken in a clamshell fashion.

Interface Modification and Evaluation
Using the anteroposterior measurement taken at the time the impression

was made and that of the mold, two-thirds of the difference is removed at
the depth of the deltopectoral area and one-third from the infraspinous area
of the scapula. Care should be taken not to impinge on the head of the
humerus and to ensure that the posterior modification reflects the
longitudinal, transverse, and frontal plane angles of the scapula. Distally,
the reduction should be general and consistent with the firmness of the
residual limb and subcutaneous tissue, with greater reductions indicated
for softer tissue.
The evaluation interface can then be created with the trim lines located
just inferior to the clavicle, the spine of the scapula, and the
acromioclavicular joint, and the axilla proximally. Additional material may
be removed from the proximal wings to allow greater range of motion. The
evaluation interface should be donned using a low friction donning sheath,
and the prosthetist should note the distal tension within the socket
(especially at the axilla). As the interface is donned, the tension with the
donning sheath should be firm because of the tight fit.
The evaluation interface should be checked for impingement at the
clavicle and the anterior and posterior axillae, especially during
glenohumeral flexion and biscapular abduction. The proximal wings
should be examined for rotational stability. The posterior wall will control
external rotation for body-powered devices, and the anterior wing will
control internal rotation caused by heavier external control systems.

Figure 13

Photograph of a patient during a “rough” fitting of
a transhumeral prosthesis to determine how the interface will
perform with the selected componentry. (Courtesy of Ottobock,
Austin, TX.)

It is advisable for the evaluation interface to be set up with the
externally controlled or body-powered components to evaluate how the
interface performs with the associated weight and displacement. This helps
the practitioner evaluate how the interface reacts to harness positioning,
alignment, and loading characteristics during normal use (Figure 13). At
this point in the process, the electrode sites, trim lines, and component
positioning may be refined. The typical alignment in the frontal plane is at
the location where the proximal turntable of the elbow is parallel to the
floor and approximately 25 mm lateral to the hip or widest part of the
body. The sagittal alignment is usually at neutral, with the turntable
parallel to the floor. With shorter residual limb lengths and heavier
external control systems, the interface may be preflexed slightly to prevent
greater concentration of a load on the anterior humerus.

Figure

14

Photograph of an externally powered
transhumeral prosthesis with an articulated thumb and powered
elbow. This prosthesis has a modified figure-of-8 harness, a
flexible inner interface, a rigid laminated frame, and lower
proximal trim lines. Note the position of the valve to allow pull-in
donning (arrow).

Interface Construction
The transhumeral interface is created with many of the same materials as a
transfemoral prosthesis, including a flexible socket with a more rigid
external supportive frame. A softer interface material is chosen so that it
conforms to the contours of the shoulder. This material can be soft
thermoplastic, an interface liner, or custom silicone to bend with the body.
Usually, an acrylic composite laminated outer frame is created over the
mold of the flexible interface in the correct frontal and sagittal plane
alignments as previously described (Figure 14). The composite materials
typically consist of varying layers of fiberglass, carbon, and nylon.
Between the layers, additional geometries for electrodes, batteries, and
connection devices can be created as needed and are commonly located in
the distal portion of the device between the end of the interface and the
turntable of the elbow. The trim line of the frame is typically 6 to 12 mm
inferior to the trim line of the interface so that it can be adjusted as
necessary. It also provides the attachment points for the harness and bodypowered control points. These may require special anchors and fittings to
hold the straps and cable in position.

Figure 15

Anterior (A) and posterior (B) photographic views
of a patient wearing a transhumeral prosthesis with birdcage
construction.

For individuals who use their prostheses for heavy-duty tasks or in
inherently dusty environments, it may be desirable to use exoskeletal
construction consisting of a laminated socket. This is constructed by using
structural foam that is shaped to the desired cosmetic form of the interface,
and then an outer, hard laminated form is created to form the exterior
surface.21 Although less adjustable, this method is typically selected for

users of body-powered prostheses, when greater strength and limb stability
are required. Although various skin tones are available, patients often
decorate the laminated outer frame with custom colors, images, logos,
tattoos, or carbon composite materials to personalize their devices.
Endoskeletal systems that are lighter and more cosmetic also can be
made with an interface and frame construction, but are typically covered
with a more lifelike foam shell and glove to enhance cosmetic quality.

Interface Alternatives
Socket variations are typically used when the residual limb and the
humeral length is longer or shorter than usual. When the residual humerus
is extremely short, the shortened interface resembles the fitting for a
shoulder disarticulation interface. The deltopectoral and infraspinous
wings project proximally from the axilla and fit around the exposed
humeral remnant. An articulating shoulder joint can be placed more
inferiorly in the axilla or lateral to the residual limb, with rigid support
structures; this is called birdcage construction.27 With this style of
construction, the interface is relatively open. However, the residual limb is
not directly used for shoulder positioning, and the prosthesis is
functionally equivalent to a shoulder disarticulation prosthesis (Figure
15).
Another variation is the use of a roll-on suspension liner, which is
popular with patients who desire self-suspension. The liner can be custom
made, or a production liner can be chosen to match the shape and taper of
the residual limb. Distally, the attachment is provided with a distal pincatch shuttle lock or a lanyard configuration in which a narrow strap is
pulled through a slot within the interface and secured with an external
fabric hook-and-loop fastener system. The latter method is often used for
longer limb lengths when the additional length of a pin lock system is not
available.

Figure 16

Photograph of snap-on electrodes for a humeral
prosthesis liner that allow for improved conduction of
electromyographic signals.

The combination of a liner and external power requires consideration
of how the EMG signals will be conducted through the liner to the
electrodes. Holes can be cut into the liner, but issues arise if the holes in
the liner are not aligned with the electrode sensors in the socket wall. The
patient must be instructed on how to use anatomic landmarks to properly
don the liner or the myoelectrode sensors will be blocked and control
function may be compromised. Other options are electrodes that snap onto
studs that are attached to the liner (Figure 16) or custom liners that use a
conductive silicone that allows the EMG signal to be conducted through
the liner to the myoelectrode mounted in the laminated frame.
Many of the alternative socket designs are used to accommodate longer
limb lengths and elbow disarticulations in which the distal mediolateral
dimension of the humeral epicondyles is wider than the midshaft
dimension. The most common method of addressing this dimensional
difference is the creation of a medial door through which the medial
epicondyle may pass. The opening for the medial door spans between the
distal epicondyle and the proximal border where the mediolateral
dimension is equal to the distal dimension.

Figure 17

Illustration of an elbow disarticulation socket using
a spiral slot for donning and suspension by screwing the
epicondyles in place. (Reproduced from Daly WK: Elbow
disarticulation and transhumeral amputation: Prosthetic
management, in Smith DG, Michael JW, Bowker JH, eds: Atlas
of Amputations and Limb Deficiencies: Surgical, Prosthetic, and
Rehabilitation Principles, ed 3. Rosemont, IL, American
Academy of Orthopaedic Surgeons, 2004, pp 243-249.)

Another socket design option is a screw-in design that uses a spiralshaped channel relief for the medial epicondyle. The interface is
“screwed” into position by rotating it laterally to medially. This method
can present a challenge in mapping the spiral path of the epicondyle as it is
donned; however, it avoids the use of medial doors, foam pads, or other
suspension methods (Figure 17).
An alternative socket design uses an internal bladder, similar to that
used for a knee disarticulation. A lost-wax casting technique is used to
create an internal flexible bladder, which provides a void or open air space
that can be inflated to the desired levels. Usually, this type of socket
design is used for patients with more mature limbs after the limb volume
has stabilized. Adjustment is difficult after the definitive interface is
created, and a leak in the internal bladder will result in a loss of suspension

and the need to remake the entire interface.

Figure 18

Photograph of an individual wearing a humeral
prosthesis with a clamshell design that is hinged proximally.
(Courtesy of Ottobock, Austin, TX.)

If the difference in the distal and midshaft dimension is quite
pronounced, a clamshell impression may be used. Because suspension is
now provided by supracondylar pressure, the proximal trim lines can be
much lower (approximately 25 mm inferior to the axilla medially and at
the insertion of the deltoid laterally). However, a donning strategy will
need to be developed for the patient because the interface comes in two
parts and must be secured in place. One variation of this type of design is a
two-part clamshell prosthesis that is hinged proximally, allowing the arm
to be positioned and encased in anterior and posterior overlapping panels.
The arm is then secured into position. Although this design can accurately
fit an arm with a characteristic shape, its fabrication requires a high level
of technical competency and the use of multiple evaluation interfaces
(Figure 18).

Figure 19

Illustrations of an elbow disarticulation prosthesis
using the Marquardt osteotomy open design to achieve donning
and suspension. A, Anteroposterior (AP) compression controls
rotational instability while minimizing harnessing. B, Lateral
dorsal humeral pressure is aided by padding. (Reproduced
from Andrew JT: Prosthetic principles, in Bowker JH, Michael
JW, eds: Atlas of Limb Prosthetics: Surgical, Prosthetic, and
Rehabilitation Principles, ed 2. St. Louis, MO, Mosby-Year
Book, 1992, pp 255-264.)

Figure 21

Photographs of an individual fitted with a bodypowered transhumeral prosthesis. A, The posterior cable
retainer is positioned proximal to the cut end of the humerus. B,
The interface should not block glenohumeral flexion or
biscapular abduction.

Other designs avoid hinges and use bands of support over distal and
proximal prominences. Originally, this type of open-panel design was used
with the innovative Marquardt osteotomy, which creates a surgical hinge
alteration of the humeral shaft10,12,28 (Figure 19). The suspension band
was tightened over this distal area for suspension. A more modern option
uses a laminated socket that opens the channel, which can then be secured
(Figure 20).

Figure 20

Photograph of an individual wearing a prosthesis
with a laminated elbow disarticulation socket with a lateral
channel to allow donning. (Courtesy of Ottobock, Austin, TX.)

Control Strategies
Because a transhumeral prosthesis represents an interconnected functional
system with an interface design, control strategy, and harness, each of
these factors affects the others directly and indirectly. With respect to body
and external power, the type of control has a major effect. In bodypowered devices, control is dependent on the movement of the residual
limb. As a result, the proximal trim lines must allow adequate excursion of
the arm to enable its functional use. The proximal trim lines are terminated
at the deltopectoral groove, below the clavicle, and at the border of the
posterior deltoid distal to the spine of the scapula. Often, they must be
lowered during the initial fitting to accommodate the requirements of
glenohumeral flexion and biscapular abduction. The prosthetic interface
must not block the control movements, especially in glenohumeral flexion
(Figure 21).
Typically, longer limb lengths can generate a greater amount of bodypowered excursion in glenohumeral flexion and biscapular abduction
compared with shorter limb lengths. Because of the longer length of the
effective lever arm of a longer limb, the leverage that can be applied is
greater than that of a shorter limb. The loading forces felt inside the
interface during cable activation are localized at the anterior distal and

posterior proximal areas. A shorter limb length exhibits more localized
forces at the distal end because there is less surface area and greater
movement within the interface.

Figure 22

Photographs of an individual fitted with an
externally powered transhumeral prosthesis. A, The socket of
the prosthesis should help distribute the weight of the device
while providing adequate suspension and resistance to
movement as the forearm flexes. B, The proximal posterior
infraspinous wing of the externally powered interface is
important in resisting movement.

External power creates a different set of challenges when used for a
transhumeral interface. With externally powered devices, control of the
prosthesis is not dependent on movement, so the trim lines can be
extended more proximally into the deltopectoral groove and infraspinous
areas to distribute the added weight of the prosthetic arm (Figure 22).
Distally, the control electrodes must maintain intimate contact with the
residual limb over the available muscle sites, such as the medial biceps and
medial triceps. If the limb is especially soft, the practitioner may choose to
load those areas so that the myosites can make better contact with the
muscle bellies. As previously mentioned, pull-in designs are often
preferable for externally-powered devices because they maintain the
positioning of the myoelectrodes. Alternative externally powered control
strategies may include internal pressure switches, linear transducers, pull

switches, and touch sensors, all of which must be appropriately located.

Summary
Although the prosthetic interface at the transhumeral level presents several
unique challenges, practitioners can create comfortable and functional
socket designs by having a good knowledge of the process and paying
careful attention to detail. It is important to listen to the patient and
identify and fully understand his or her needs. Knowledge of the variety of
socket design options will help the practitioner meet the unique needs and
challenges of a patient with a transhumeral amputation or an elbow
disarticulation.
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Chapter 22

Amputations About the
Shoulder: Surgical
Considerations
Joseph F. Alderete Jr, MD

Abstract
Proximal upper limb amputations such as those about the shoulder and chest
wall are complex procedures requiring a thorough understanding of
indications, surgical principles, alternative treatments, and rehabilitation
techniques to facilitate optimal outcomes. It is helpful to be aware of the
limited range of reasons for performing shoulder-level limb ablation and the
types of classic and modified methods for performing shoulder
disarticulations and forequarter amputations. In some instances, alternative
coverage and limb salvage techniques can be used to avoid shoulder-level
amputations. Complications are common with these procedures.

Keywords: forequarter amputation; intercalary shoulder
resection; shoulder disarticulation
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Introduction
Shoulder-level amputations are rare. The typical reasons for limb ablation
at the shoulder include tumor, trauma, and infection. With the advent of
modern multiagent chemotherapy regimens and advanced surgical
techniques, 90% of all neoplasia around the shoulder girdle can be treated
with limb salvage.1 Nonablative techniques for tumor resection and even
limb-threatening infections are usually successful. These resections, with

some modification, follow the classic Tikhoff-Linberg procedure.
Amputations at the shoulder level involve either a glenohumeral
disarticulation or a forequarter amputation. Most shoulder disarticulations
are not actually disarticulations; rather, they are ultra-high transhumeral
amputations with a small part of the humeral head and neck remaining to
preserve cosmesis. When tumor, trauma, and/or infection prove amenable,
such amputations are vastly preferred.2-5
The forequarter amputation is extremely morbid in terms of body
dysmorphism and function. This procedure is reserved for tumors or lifethreatening infections in which the axillary artery and the brachial plexus
have been contaminated, or when it is not prudent to leave these two
structures in place because of the risk of local recurrence (Figure 1). Most
patients treated with forequarter amputation have soft-tissue sarcoma,
osteosarcoma, recurrent malignant melanoma, or epidermoid carcinoma.
This procedure also can be used to treat large, ulcerated, or very painful
metastatic carcinomas in which the tumor often causes extreme pain from
plexus radiculopathy.2 In these patients, the entire forelimb is removed, in
some instance with part of the chest wall, as well as the scapula, the
humerus, and a portion of the clavicle.

Figure 1

CT of a large proximal humeral osteosarcoma with
pathologic fracture and soft-tissue extension to the brachial
artery and the brachial plexus.

Although there are classic methods for performing these two
procedures, the procedure must be tailored to the patient and the

corresponding pathophysiology. This often requires modifications to the
classic approaches to fit the individual situation. In patients injured by
high-energy trauma, amputation about the shoulder can be performed early
or late, secondary to the wishes of patients with a flail limb. Early
posttraumatic amputations, both shoulder disarticulation and forequarter
amputation, are predicated on the amount of viable tissue that is free of
contamination. If the tissue around the deltoid is viable, an ultra-high
transhumeral amputation combined with shoulder fusion is preferable to
removal of the humerus secondary to an intra-articular fracture and distal
destruction.1,6-9
In keeping with the more classic approaches, several flaps must be
maintained, and these determine the surgical technique. First, the ultrashort transhumeral amputation is based on an intact “chevron” region,
which is the skin and muscle of the deltoid region. The ability to bias a
chevron-shaped flap of skin, subcutaneous tissue, and full-thickness
deltoid muscle to bone makes the ultra-short transhumeral amputation an
attractive option. The true shoulder disarticulation can be performed with a
lateral chevron region flap, a posterior flap, or an axillary-based flap of
durable undersurface tissue. When possible, the axillary flap is preferred
because there is no muscle to atrophy over the osseous structures and
durable padding is provided for an articulating or a cosmetic prosthesis.
The forequarter amputation can be based on a posterior periscapular flap
or an anterior pectoralis flap. If neoplasm is an indication for amputation,
the absolute necessity to achieve wide margin means that these classic
flaps may not be available, so regional rotational or free flaps become
essential. The latissimus dorsi rotational flap, either ipsilateral or
contralateral, is preferred for defect coverage. Free tissue from the
amputated limb is sometimes necessary for coverage if tumor irradiation
has been performed.10,11

Alternatives to Amputation
As noted earlier, shoulder-level amputation should be a last resort because
90% of tumor resections and infections can be treated with limb salvage
procedures. These limb-salvage techniques involve resecting the proximal
humerus, the glenoid with or without the main body of the scapula, and the
entire or only part of the clavicle. This procedure, which was first
described in 1928, is commonly referred to as the Tikhoff-Linberg

resection and is the basis for maintaining function and movement in the
distal upper limbs while allowing resection of tumor or infection in the
shoulder region. The procedure was modified in 1977 by Ralph Marcove
to include preservation of the uninvolved scapula despite extensive
proximal humeral and glenoid resection.12-15 In 1991, Malawar12-14
introduced the most useful classification system for shoulder-level deficits
and reconstruction. When considering structural loss and replacement or
the need to amputate, the author of this chapter finds Malawar’s system to
be most user-friendly.12-14 The system was later modified according to a
classification from the Musculoskeletal Tumor Society (MSTS) (Figure
2).
The requirements for limb salvage are a free tumor plane adjacent to
the axillary neurovascular bundle, the chest wall, or the lymph nodes16,17
or indications in palliative cases where amputation is not justified because
of extensive chest wall involvement.8 After the surgical team understands
the defect, it is important to be aware of the goal of achieving a
periarticular shoulder reconstruction that can provide a mobile but stable
axis for elbow and wrist rotation, which allows placement of the hand in
space. Reconstruction can involve the use of allograft, endoprosthesis,
autograft fibular, and even pasteurized autograft or combinations of these
to provide fusion or an articulating shoulder. Most surgeons facile with
shoulder resection prefer a stable fusion for a young laborer and a mobile
endoprosthetic or allograft prosthetic composite for an older individual.

Forequarter or Interscapulothoracic Amputation
Indications
The indications for forequarter amputations are soft-tissue sarcoma arising
in the axilla beneath the pectoral muscle or the scapula with adherence to
the chest wall, osteosarcoma and high-grade chondrosarcoma with
extension into the axilla and invading the brachial plexus and the great
vessels, and primary tumors arising in the chest wall and involving
structures of the thoracic inlet or the axilla.6,8,16-18 Case reports of
mycosis fungoides illustrate that proximal amputation can be necessary in
life-threatening infections of the upper extremity. Palliation in malignant
carcinoma, where plexopathy is intolerable, also can be an indication.

Figure 2

Illustration of the Musculoskeletal Tumor Society
classification of skeletal resections about the shoulder girdle. At
least one-half of the region must be resected to be so
designated. S1 = the blade or spine of the scapula, S2 = the
acromion-glenoid cavity complex (the glenoid cavity must be
removed), S3 = the proximal epiphysis of the humerus, S4 =
the proximal metaphysis of the humerus, and S5 = the proximal
part of the diaphysis of the humerus. (Reproduced with
permission from the Mayo Foundation for Education and
Research, Rochester, MN.)

Technique
The forequarter amputation is the preferred ablative procedure for
extensive tumor or infection in which invasion of the brachial plexus, the
chest wall, or the axilla makes shoulder disarticulation impossible (Figure
3). This amputation uses anterior- or posterior-based local flaps. If
forequarter amputation is indicated, the flap often is determined by
pathology, and the surgical procedure is an adaptation of both anterior- and
posterior-based flaps; however, a bias for one or the other often exists.
Most forequarter amputations can be performed by fashioning a posterior
skin flap, although an anterior flap is an alternative.10,18 The surgical
procedure revolves around whether ligation of the subclavian artery and
the brachial plexus is managed from the anterior by osteotomy of the

clavicle or from the posterior after dividing the muscles from the medial
and superior scapula, which facilitates identification of the neurovascular
structures through traction and allows ligation from within. The author of
this chapter prefers a modification of the two approaches, whereby a
posterior full-thickness skin flap is fashioned, but the subclavian vessels
and the plexus are managed anteriorly. Before the procedure begins, it
should be determined if there is need for free tissue rather than skin graft
over viable muscle. This is necessary because the vascularity for a distal
filet flap must be preserved when proximal dissection is performed,
making subclavian ligation the last step performed before the limb is
delivered to the back table.

Figure 3

Illustrations of anterior vascular exposure with a
posterior-based flap. A, Skin incision. B, Clavicle resection. C,
Lifting the pectoralis major muscle. D, Section of the vessels
and nerves after transecting the subclavius. E, Section of the
medial scapular muscles. F, Closure. (Reproduced with
permission from Tooms RE: Amputations of the upper
extremity, in Crenshaw AH, ed: Campbell’s Operative
Orthopaedics, ed 8. St. Louis, MO, Mosby-Year Book, 1992, pp
771-721.)

Figure 4

Intraoperative photographs of anterior vascular
exposure with a posterior-based flap. The incisions are outlined
anteriorly (A) and posteriorly (B), and dissection can proceed
either medially over the middle clavicle or posteriorly over the
scapular flap based on the preference of the surgeon. C and D,
When the tumor is not encasing the vessels, the posterior flap
is created, and posteromedial dissection is done first because
this is often the most tedious part of the procedure. E, After the
posteromedial angle has been elevated away from vertebral
remnant muscles along the medial scapula, most of the
scapular blood supply and the suprascapular neurovascular
bundle can be visualized by pulling dorsally on the scapula. F,
The clavicular osteotomy is performed. With most of the

procedure completed and the limb still vascularized, “spare
parts” can be harvested if required. G, The subclavian artery is
controlled and ligated, with the plexus in view. H, Silk ties are
placed before cleanup to help identify structures that will
require nerve catheter inlay. I, Closure before application of the
wound vacuum, with nerve catheters emanating from the skin.

The patient is positioned in the “sloppy” lateral decubitus position with
a beanbag pliable enough to allow bias anteriorly and posteriorly (by
manually tilting the patient over the bag) as the amputation proceeds. If
multiple assistants are not available, a limb positioning system often is
helpful in keeping the limb elevated and under tension to facilitate
dissection (Figure 4).

Incision
Skin flaps are marked along the bony prominence of the clavicle and the
scapular spine to allow elevation of the posterior flap from the
glenohumeral articulation to the medial border of the scapula. The large
teardrop exposure outline begins with an anterior limb that centers on the
middle third of the clavicle. The posterior incision traverses the lateral
acromion full thickness to fascia overlying the latissimus, the trapezius,
and the infraspinatus. The two incisions meet deep in the axilla based on
the patient’s pathophysiology.

Deep Dissection
The sternocleidomastoid and deltoid muscles are elevated off the middle
third of the clavicle, and the middle third is osteotomized with a saw. The
subclavius muscle is identified and transected to reveal the subclavian
artery and the brachial plexus. The subclavian artery is isolated but not
ligated if distal harvesting of “spare parts” will be necessary; otherwise,
the author of this chapter controls and quickly ligates the artery and vein
and proceeds to nerve identification and transection. Nerve transection is
done sharply, but the perineural ends are tagged with polydioxanone suture
in the event targeted muscle reinnervation (TMR) is an option and to
facilitate the placement of intraoperative neural catheters. After the
brachial plexus has been ligated, attention is turned to the posterior limb.
From the full-thickness skin flap that was created, the medial border of the
scapula is identified; an Israel retractor can pull the large posterior flap

toward the midline, and a bone hook can be used to put tension on the
scapula. The trapezius, rhomboid, and levator muscles are divided to
reveal the subscapularis muscle covering the scapula. Next, the medial
angle muscles are released from the medial scapula in the following order:
the latissimus and trapezius superficially, followed by the deep rhomboid
and levator scapulae muscles. This is best accomplished with a Bovie
electrocautery to manage the periscapular plexus. Care is taken to identify
and ligate the branches of the transverse cervical and scapular arteries
coursing around the scapula. The serratus muscles are then divided by
pulling the scapula posterolaterally with a bone hook to reveal the
subscapularis and place the forelimb on stretch. After this is complete,
there is usually only the need to ligate the suprascapular fossa and the
anterior trapezius, which are ligated several centimeters away from the
tumor. The axillary incisions are then connected, and the limb is delivered
to the back table. The pectoral fascia is sewn to the trapezial and the
rhomboid fascia after large suction drains (18 French round or pediatric
chest tubes) are placed inferoaxillary and cervicoscapularly, in line with
the incisions, with one under the pectorals and one in line with the
vertebral dissection. Incisional negative-pressure wound dressings are
used, and a large, well-padded circumferential elastic compressive wrap is
applied.

Posterior Vascular Isolation With an Anterior Flap
Posterior vascular isolation with an anterior flap is also known as the
Littlewood technique.9 The patient is positioned in a sloppy lateral
decubitus position on a beanbag. The clavicle and the scapula are marked,
and the clavicle becomes the basis for the skin incisions. First, a fullthickness skin and subcutaneous incision begins along the medial border of
the scapula and runs the length of this bone along the superior margin,
over the top of the accordion, and finally proceeds distally along the
posterolateral acromion. The distal limb is in line with the surgical neck of
the scapula and continues distally along the axillary border of the scapula
to the distal angle, where the incision is curved medial to a point
approximately 5 cm from the midline of the back. Next, the posterior
incision is directed anteriorly to meet the anterior incision in the axilla.
The anterior incision is then started along the medial border of the clavicle
and runs laterally to the deltopectoral groove, where it runs just lateral but
in line with this relationship. The skin incision is then curved inferiorly

along the pectoral border in the axilla to meet the posterior axillary
incision. The surgeon must carefully create a large full-thickness skin and
subcutaneous flap to the fascia, which has been elevated medially off the
scapular muscles to 1 cm medial of the medial border of the scapula, and a
clavipectoral flap. This flap can include the pectorals if the tumor is biased
much posteriorly.
Release of the medial angle muscles proceeds in the manner described
for a forequarter amputation, with the same technique used to divide the
serratus muscles. Blunt dissection is next carried to the omohyoid and
subclavius muscles, which are divided under direct visualization. Soft
tissue is bluntly freed from the undersurface of the clavicle, and the
forelimb is placed under tension by an anterolaterally directed moment to
put the plexus and subclavian vessels on stretch. The vessels are double
ligated, and the plexus trunks are divided sharply after tagging each
separately for TMR or intraoperative intraneural catheters. The pectoral
muscles are then divided, and the limb is removed to the back table. The
pectoral fascia is sewn to trapezial and rhomboid fascia after large suction
drains are placed inferoaxillary and cervicoscapularly in line with the
incisions, one under the pectorals and one in line with the vertebral
dissection (Figures 5 and 6). Patients with large, posterior high-grade
sarcoma require an anterior flap. Incisional negative-pressure wound
dressings are used, and a large, well-padded circumferential elastic
compressive wrap is applied.

Figure 5

Illustration of the posterior vascular access
forequarter amputation based on an anterior flap. The skin
incision is brought more medial on the dorsal limb and more
lateral anteriorly. The dissection proceeds posterior to anterior
under the scapula while placing the arm in adduction and
internal rotation to bring the scapula into “chicken wing”
prominence. (Reproduced with permission from Tooms RE:
Amputations of the upper extremity, in Crenshaw AH, ed:
Campbell’s Operative Orthopaedics, ed 8. St. Louis, MO,

Mosby-Year Book, 1992, pp 711-721.)

Exploration of the Anterior Cervical Triangle
Either vascular management or a skin flap swung superiorly can be used to
facilitate exploration of the cervical triangle; however, it is preferable to
plan a teardrop incision with a posterior flap and anterior vascular
management when cervical triangle management is required. The
sternocleidomastoid muscle is divided as it inserts along the clavicle and
the junction between the internal jugular vein and the subclavian vein. The
trunks of the brachial plexus are exposed and divided. Cervical lymph
nodes are dissected, ligated, and sent to pathology to verify clear margins
and to aid in deciding if brachytherapy or external beam adjuvant therapy
is needed. The internal jugular vein and the common carotid artery are
inspected for humeral invasion and reconstruction as necessary.19

En Bloc Chest Wall Excision
The thoracic entry interspace is chosen distal enough to allow cephalic
mobilization and removal of tumor from structures to be preserved.
Posterior ribs are divested of periosteum longitudinally, and the
neuromuscular bundles are ligated beneath. Ribs are divided with a saw,
rib cutters, or a Gigli saw, and the chest wall is opened wide with rib
spreaders. The lung parenchyma is then inspected for pulmonary
metastases. If the lung is the solitary site of metastases and the metastases
are localized, they can be resected with wide local excision to preserve
viable lung tissue. The surgeon should then reach as cephalad as possible
around the lung with the other hand in the cervical triangle to assess for
thoracic inlet metastases or to control midline bleeding in patients with
traumatic injury.8
If a portion of the chest wall is to be removed with the forelimb, a
median sternotomy is required, and the posterior chest wall dissection is
thereby connected to the anterior chest wall block. Internal mammary
vessels are ligated at the lowest interspace, and the sternum is split with a
saw to the corresponding level. The medial clavicle is divested of
remaining soft tissues superiorly because the medial clavicle will need to
be removed after the sternotomy to facilitate identification of the first rib.
Finally, the first rib is skeletonized with the electrocautery as it attaches to
the manubrium. The strap, sternohyoid, and sternothyroid muscles are
divided to expose the innominate vein. The trunk of the subclavian artery

and vein that were ligated during the forelimb ablation are traced medial to
their junction with the vertebral artery and then double ligated again; this
is best accomplished by dissecting the artery and the vein from within the
thorax. At this point, this chapter’s author prefers to leave the cords of the
brachial plexus long to the trunk level for TMR, even if the chest wall is to
be resected. The medial and posterior scalene muscles are then divided to
complete the chest wall resection. If the tumor is on the left side, care must
be taken to preserve the left vagus and phrenic nerves and ligate the
thoracic duct. Chest tubes are placed. The chest wall is reconstructed with
a polymethyl methacrylate polypropylene mesh plate.

Figure 6

A, Photograph of a large, high-grade pleomorphic
sarcoma of the right shoulder. Necrosis of the skin and
subcutaneous tissue can be seen. B, T1-weight MRI of the
tumor. Note the very large feeder vessels as the dark flow voids
and the tumor comprising most of the deltoid. C, Photograph
shows the shoulder area after closure. The patient was treated
with a forequarter amputation with an anterior flap.

Adjuncts for Coverage
Usually, substantial defects can be managed with local or regional flaps;
however, large posterior exophytic tumors, radiation fibrosis, and chest
wall or rib invasion preclude local coverage. Free-tissue transfer is the
only option in these instances. This can be accomplished in a separate
procedure by elaborating the contralateral latissimus dorsi muscle and skin
grafting after a rest interval with negative-pressure vacuum wound
therapy. A modified, free forearm filet flap with healthy, wellvascularized, nonirradiated tissue for coverage is another option. Cordeiro
et al10 described use of the volar musculature with fasciocutaneous
extensions based on the brachial artery and a single vein. In their series,
the flap size averaged 25 × 30 cm, and the pedicle ranged from 10 to 15
cm, easily tying into the subclavian, innominate, or carotid arteries. Most
of the amputation is performed with the subclavian vessels isolated but

intact and the distal limb still perfused. Fasciocutaneous flaps are raised in
the subfascial plane on the dorsum of the forearm. After the extensor carpi
ulnaris is reached medially and the first dorsal compartment is reached
laterally, dissection is carried to bone subperiosteally and beneath all of the
flexor muscles. Distally, the median and ulnar nerves along with the radial
and ulnar arteries are ligated at the wrist. Proximally, everything is divided
at the elbow, and the interosseous vessel is identified and ligated as it
leaves the radial artery. The brachial pedicle is dissected proximal to the
flap in the utilitarian medial arm exposure, at a length dictated by the
amputation. This technique is an extremely effective approach for patients
with very poor soft-tissue envelopes.10,11,20

Modified and True Shoulder Disarticulation
Because of improved body symmetry and prosthetic fitting, the ultra-short
transhumeral amputation is preferred over a true shoulder disarticulation or
a forequarter amputation (Figure 7). A short residual limb can provide the
prosthetist with the necessary surface area for fitting a device that uses
voluntary motion to actuate an externally powered gripper, and it is
extremely powerful when paired with TMR. Differentiation of anterior,
middle, and posterior deltoid signals is possible, providing three sites for
myoelectric control. When available, the chevron flap with deltoid muscle
and regional skin is projected for coverage. The typical skin incisions
follow the deltopectoral interval to the deltoid insertion. The incision is
then curved bluntly over the lateral arm to the posterior deltoid border. The
incision is then carried proximally to the deltoid-latissimus junction.
After a full-thickness incision has been made to fascia in all planes, the
initial dissection proceeds in the standard deltopectoral interval, which is
familiar to most surgeons. The anterior deltoid conjoined tendon with the
pectorals is then identified and transected, and a Bovie electrocautery is
used to elaborate the broad deltoid insertion off the humerus from anterior
to posterior. The latissimus dorsi is divided off the humerus, and both the
latissimus dorsi and the pectoralis major are tagged for later reattachment.
Attention is then turned to the brachial vessels, which are quickly
located by reaching into the proximal anterior incision and using a cautery
to cut the conjoined tendon of the coracobrachialis. The author of this
chapter then identifies the length of the vascular pedicle necessary to
perfuse deltoid skin or provide an easy docking site for a filet flap in the

event of catastrophic trauma or exophytic tumor invasion of the deltoid
region. The nerves of the brachial plexus are identified and cut sharply
with a No. 10 blade and allowed to retract under tension after being tagged
with polydioxanone suture if TMR becomes an option. The humerus is
osteotomized with a saw at the level of the surgical neck. Much like the
adductor myodesis of the transhumeral amputation, careful attention must
be paid to reattaching the pectoral and deltoid muscles. The rotator cuff
attachments on the humerus are maintained with the procedure, and the
residual humerus will abduct and externally rotate. Careful balancing can
be achieved by transferring and tensioning the latissimus dorsi and
pectoralis muscles as well as splitting the trapezius if necessary. If the soft
tissues have been stripped by traumatic injury or sacrificed because of
tumor, arthrodesis with AO 7.3-mm cannulated screws into the glenoid is
still preferable for contouring compared with excision of the proximal
fragment.

Figure 7

Illustration of a modified shoulder disarticulation
skin incision with a traditional chevron flap. The deltoid is
elevated, the rotator cuff is left intact, and the humerus is
transected at the surgical neck. The latissimus dorsi and
pectoralis muscles are suture imbricated into the residual
humerus for balanced adduction and abduction.

If it becomes necessary to perform a true shoulder disarticulation, most
of the surgical procedures proceed as previously described. After the
deltoid myocutaneous flap has been dissected off the lateral two-thirds of
the humerus, the pectoral muscle is resected and tagged for reattachment
into the glenoid. The coracobrachialis tendon is isolated with a rightangled forceps and transected to provide access to the axillary brachial
artery takeoff and the brachial plexus. The axillary artery is double ligated,
and the individual components of the brachial plexus are transected
sharply after tagging with polydioxanone suture for later identification if
TMR is an option. The shoulder capsule is placed on stretch, and the
anterior joint space is entered, allowing direct inside-to-outside division of
the superior, inferior, and posterior capsule to deliver the limb. The
pectoralis major and latissimus dorsi are then sutured to the rotator cuff
and the capsule remnants to fill the glenoid. No ablation of the glenoid
cartilaginous surface is necessary, but a taut sling with remaining soft
tissues is paramount to avoid a painful bursa that can develop if the
envelope is mobile and floppy. Suture anchors to secure the dead space are
helpful in avoiding this complication. The deltoid fascia is secured to the
axillary fascia over an anterior and posterior drain in line with the skin
incisions, and an incisional negative-pressure vacuum wound dressing is
applied. A compressive shoulder dressing is fashioned either with a
circumferential elastic wrap or a commercially available fabric hook-andloop fastener shoulder wrap dressing.
If the deltoid is not available for coverage, another secondary flap of
the axillary skin and subcutaneous tissues is equally durable. This flap
requires management of eccrine sweat glands and laser hair ablation.
However, in most individuals, this added manipulation is a minor
inconvenience compared with the durability of the axillary flap. If the
axillary flap is used, two modifications to the ultra-short transhumeral
amputation and the true shoulder disarticulation can be applied. First, the
skin incision starts in the deltopectoral groove just under the clavicle, as in
the chevron flap, and then is carried over the medial arm just over the
cephalic vein. It traverses posteriorly toward the triceps at the level of the
deltoid insertion and then courses superiorly along the posterior border of
the deltoid and over the acromioclavicular joint to meet the deltopectoral
limb. The whole deltoid is dropped inferolaterally by dissecting it along
with lateral skin and likely tumor. The axillary/brachial artery is controlled

as previously described, and the humerus is lifted laterally from the wound
by dividing the supraspinatus and superior capsule sequentially anteriorly
and posteriorly in the true shoulder disarticulation. If amenable, the
humerus is osteotomized at the surgical neck. If the ultra-short
transhumeral amputation is possible, which is usually unlikely if sacrifice
of the deltoid is required, then the axillary soft tissues are sewn into the
proximal incision. In the true shoulder disarticulation, where the deltoid is
not available, the pectoralis and latissimus dorsi are brought into the
gleaned fossa, and the accordion is osteotomized, as is the coracoid
process if needed to contour the bony prominences. A compressive
dressing is applied over an incisional negative-pressure vacuum wound
dressing and suction drains.

Postoperative Management
When possible, nerve catheters are placed in the perineurium under direct
visualization to facilitate postoperative regional anesthesia. Large-caliber
suction drains are used to evacuate the dead space and emanate from the
skin in line with incisions in the event a tumor margin is positive and
requires reexcision. Gabapentin is given the morning of surgery
preoperatively and continued postoperatively, titrating to a dose of 30 mg
three times per day. Amitriptyline (25 mg) is started the night of surgery
and titrated to 50 mg at bedtime. Patients are monitored in the intensive
care unit (overnight at a minimum) because the neuromodulators often can
be sedating and care must be taken to avoid oversedation. An incisional
negative-pressure wound dressing is applied in the surgical suite and
removed on postoperative day 5. Compressive elastic wraps are applied in
a circumferential fashion to prevent hematoma or seroma. Desensitization
therapy is started on postoperative day 2, and mirror therapy is added as
soon as the patient is discharged to a regular monitoring protocol.

Complications
Current developments in transfusion practices, the use of local and
intravenous hemostatic agents, and improvements in surgical critical care
have considerably reduced the morbidity and mortality of shoulder
disarticulations and forequarter amputations.2 However, the life span of
many of these patients is often short because of the disease processes that
necessitated the proximal upper limb amputation. Major complications are

common, and every effort should be made to prevent them. Complications
can be divided into the following groups: early postoperative, near-term
oncologic, and long-term body asymmetry and prosthetic.
Early complications include cardiopulmonary and wound issues.
Infection at the wound site should be managed aggressively, and every
effort should be made to prevent hematoma or seroma formation. The
incisional negative-pressure wound dressing is removed after 5 days, but
the deep suction drains should be maintained until the effluent is less than
30 mL per shift (usually 8 hours) for a 24-hour period. Skin edge and flap
necrosis is always a possibility in preoperatively irradiated wounds, and
perioperative hyperbaric oxygen therapy should be considered for any
wound (preexisting, postoperative, or fibrosis resulting from radiation) at
risk of infection.
Phantom limb sensations and nerve-related pain must be managed
aggressively by an occupational therapy team experienced in caring for
patients with upper limb amputations. An aggressive regional anesthesia
team aids in this process. If wound complications are eminent, every effort
should be made for early provision of regional or free-oxygenated tissue in
the form of contralateral latissimus dorsi or rectus abdominis free flaps to
expedite wound healing and enable the patient to resume chemotherapy. A
chronic draining wound requires aggressive treatment, and alternative
coverage is vital to prevent severe complications.
Near-term oncologic complications include local recurrence and
metastases or repeat infection in a patient with a prior life-threatening
infection. These complications can be mitigated intraoperatively with wide
local excision of lesions. At times, when a completely clear margin is
impossible to obtain or local recurrence is a substantial risk, careful
consideration should be given to adjuvant treatment with brachytherapy or
postoperative external beam radiation.
Late complications include “high shoulder” in a patient with a
proximal upper limb amputation, postural scoliosis, and issues with
prosthesis wear (Figure 8). The normal upright posture of a patient with a
forequarter amputation is inhibited by a lack of scapulothoracic tension,
muscle imbalance, and the lack of arm weight. The patient lists to the
uninvolved side because the unopposed tension of the muscles that
normally elevate the forelimb acts against the weight of the arm.21 For this
reason, postural physical therapy is started immediately in conjunction
with desensitization and mirror therapies to combat body asymmetry

issues. Postural scoliosis is problematic, especially in skeletally immature
patients. Postural asymmetry can often lead to scoliosis and occipital
headaches caused by prosthesis wear, contralateral trapezial tension, and
ipsilateral unopposed shoulder elevators.21 Every effort should be made to
facilitate an early and aggressive multidisciplinary physical therapy
approach.

Limb Salvage Alternatives to Shoulder-Level
Disarticulation
Many limb-salvage techniques avoid shoulder disarticulation;7,9,17,22-24
however, it may be difficult to match the pathology to the indicated
technique. Approximately 90% of tumors about the shoulder and the
periscapular region can be treated with limb salvage.1 In patients with
infection or tumor, the risk of local recurrence should be weighed against
the benefits of limb salvage. In cases of trauma, the functionality of the
reconstructed limb and the patient’s quality of life must be weighed
against the psychological benefit of definitive amputation surgery.
Indications for limb salvage include a viable soft-tissue envelope distal
to the shoulder with normal nerve function below the elbow or the ability
to perform tendon transfers to augment specified functions. With modern
techniques, these so-called internal amputations are extremely viable
procedures and result in improved quality of life compared with
amputation. In a study by Wada et al,24 the internal amputation or
“shoulder resection” group achieved a mean MSTS functional score
between 68% and 72%. The limiting factor in any reconstruction after
shoulder-level resection is the amount of abductor present, which is
dependent on contracting the trapezius and sliding the remaining scapula
over the chest wall. Distal grip is usually maintained, but limb girdle
strength is substantially compromised. Several limb salvage techniques are
available for the treatment of patients with catastrophic soft-tissue and
osseous loss if the distal motor nerves are preserved (Figures 9 and 10).

Figure 8

A, Clinical photograph of a patient with a
forequarter amputation 3 years after the procedure. Slight
postural scoliosis and a high shoulder can be seen. B,
Photograph of a body-capture forequarter prosthesis. Despite
the modern design, many patients elect not to use such a
prosthesis because of its bulk.

Tikhoff-Linberg Resection
The en bloc upper humeral interscapulothoracic resection, also known as
the Tikhoff-Linberg procedure, is the basis for limb salvage in patients
with catastrophic loss of the shoulder (Figure 11). The Malawar
classification system aids in understanding the defects and planning
reconstruction. Generally, reconstruction after resection takes the form of
arthrodesis; endoprosthetic replacement; osteoarticular allograft; and
autogenous grafts, such as the autograft fibula or clavicle pro humeri.25,26
The prerequisites for the procedure are that the tumor does not extend into
the axillary neuromuscular bundle, the chest wall, or the lymphatic
system.16
Patients are positioned in the sloppy lateral decubitus position, but
some physicians prefer to slightly jackknife the bed with a reverse
Trendelenburg position to facilitate an almost sideways beach-chair

posture. This position readily facilitates the Mercedes incision that is often
required to better visualize tumors of the shoulder while facilitating
preservation of the axillary/brachial medial arm contents and periscapular
dissection. The initial limb of the incision starts longitudinally over the
suprascapular fossa and branches just proximal to the acromioclavicular
joint to the anterior and posterior limbs. The anterior limb approximates
the deltopectoral approach to the shoulder, with the exception that the
coracoid process is osteotomized early or the conjoined tendon is cut to
deliver the axillary neuromuscular bundle. The anterior incision is carried
distally as far as necessary to facilitate a humeral transection at least 2 cm
away from the tumor. After the dissection has projected the medial arm
structures, it is usually possible for the surgeon to reach laterally and
anteriorly over the humerus to the interval between the biceps and the
brachialis to identify and protect the radial nerve.

Figure 9

Images from a soldier who was injured by a highvelocity gunshot, resulting in massive proximal humerus,
deltoid, and elbow loss. A, Preoperative AP radiograph of the
left arm. The gunshot wound was débrided and irrigated
several times during the patient’s evacuation from the combat
area. Antibiotic beads were placed in an effort to prevent
infection and achieve limb salvage. B, Intraoperative
photograph of the arm. Note the excellent muscle bed and
attachment to major humeral fragments. The forceps is pointing
to the identified and protected radial nerve. C, Perioperative
oblique radiograph of the upper limb after reconstruction with a
tumor endoprosthesis, elbow fusion, and a free innervated
latissimus dorsi flap.

Figure 10

Illustrations of the Malawar classification for
intercalary shoulder resections. The abductors can be retained
or resected in each type of resection. A, Type I, intra-articular
proximal humeral resection (shown, type I-A: abductors
retained; not shown, type I-B: abductor resected) B, Type II,
partial scapulectomy (shown, type II-A: abductors retained; not
shown, type II-B: abductors resected). C, Type III, intra-articular
total scapulectomy (shown, type III-A: abductors retained; not
shown, type III-B: abductors resected). D, Type IV, extraarticular scapular and humeral head resection (shown, type IVB: abductors resected; not shown, type IV-A: abductors
retained). E, Type V, extra-articular humeral and glenoid
resection (shown, type V-B: abductors resected; not shown,
type V-A: abductors retained). F, Type VI, extra-articular
humeral and total scapula resection (shown, type VI-B:
abductors resected; not shown, type VI-A: abductors retained).

Attention is then turned to the posterior limb of the incision, which
curves posterolaterally over the surgical neck of the scapula. Through this
incision, it is possible to mobilize a massive posterior soft-tissue envelope
for a complete scapulectomy alone or in combination with extracapsular
humeral resection (Malawar type III or VI). After the brachial artery and
the plexus have been protected and the periscapular muscles have been

sectioned, the deltoid and trapezius are cauterized in a manner that allows
safe delivery of the tumor proximally. A partial scapulectomy usually does
not need to be reconstructed. The abductors are retained; however, most of
the other resections will combine proximal humeral replacement with
scapular reconstruction.

Figure 11

Images of a patient with dedifferentiated
chondrosarcoma of the proximal humerus. A, Intraoperative
photograph of a typical Mercedes incision for development of a
Tikhoff-Linberg resection and reconstruction. The procedure
involves the anterior limb for protection of the subclavian to
axillary artery and brachial plexus, the posterior flap for dealing
with the resection, and a longitudinal extension over the
trapezius to facilitate exposure and later tension-free closure.
B, Intraoperative photograph shows the proximal humerus and
tumor contained with the deltoid. Because the tumor broke into
the joint, a periscapular resection was needed. C,
Intraoperative photograph shows exposure and osteotomy of
the proximal humerus prior to resection. D, Posterior-superior

intraoperative view of the scapular resection. E, Postoperative
radiograph shows creation of a prosthetic pseudarthrosis, with
suture tape placed through holes in the prosthesis to the chest
wall for stability.

If a Malawar type I or V resection is being performed, the preferred
method of reconstruction is an allograft composite reverse total shoulder
with glenoid allograft. Other methods include an intercalary spacer with
dowel into the clavicle, endoprosthetic proximal humeral replacement with
polyethylene terephthalate aortic graft to reconstruct the capsule, or
osteoarticular allograft. If a total resection of both the proximal humerus
and the scapula (Malawar type VI) is required, a constrained or
unconstrained humeroscapular prosthesis, which can have numerous
complications, must be considered. The proximal humerus also can be
reconstructed with an allograft prosthetic composite coupled to a scapular
prosthesis.23,24,27

Figure 12

Intraoperative photographs of morbidity in a
scapulectomy after radiation. Medial angle flap necrosis
necessitated a contralateral latissimus flap (A) and a splitthickness skin graft (B).

Scapulectomy
Scapulectomy is a shoulder-level resection alternative to amputation for
rare indications mostly caused by a tumor involving only the scapula or
infection that has so devitalized the periscapular soft tissues as to render
the scapula unsalvageable. Syme28 originally described his experience
with the procedure in 1857 and discussed many of the same complications
seen today—major wound dehiscence and severe loss of strength in the
shoulder girdle19,29,30 (Figure 12).

The patient can be positioned either prone or lateral for this procedure;
however, the author of this chapter prefers to drape the arm with the
patient in a prone position to facilitate adduction and internal rotation of
the limb and to bring the inferior angle of the scapula dorsally. The
technique involves an incision that begins at the lateral edge of the
acromion and follows in line with the Judet approach to scapular
fixation.30 The incision traverses medially to the medial angle and then
courses distally to meet the inferior angle. The trapezius, rhomboid, and
levator muscles are then transected, and the arm is brought into adduction
and internal rotation behind the patient’s back to deliver the inferior angle
of the scapula. The inferior angle is then placed on tension with a bone
hook, and the latissimus dorsi is transected. The dissection then continues
along the subscapular space to its medial capsular extent. At this point, the
supraspinatus, infraspinatus, and serratus muscles are divided, and the
proximal trapezius is divided from the scapular spine and the acromion.
Elevating the specimen dorsally then brings the brachial plexus and the
axillary vessels into view and allows ligation of the superficial cervical,
descending scapular, and suprascapular vessels and the suprascapular
nerve. The acromioclavicular joint is then disarticulated, and the
coracoclavicular joints are transected to allow delivery of the scapula.
After the conjoined tendon is detached, the specimen is delivered to the
back table. Soft-tissue remnants can then be used to stabilize the clavicle
with a transosseous suture or suture anchors and, in a similar manner,
stabilize the acromial remnant and create a deltoid suspension. The flaps
are closed over a minimum of two drains, and the wound is covered with
an incisional negative-pressure wound dressing with a compressive elastic
wrap. The author of this chapter prefers to allow scar tissue to form for 7
to 14 days to minimize the risk of hematoma and seroma. Patients are
asked to wear a compressive shoulder sleeve for 4 to 6 weeks.

Claviculectomy
Paratracheal, esophageal, and other neck malignancies are the usual
indications for clavicular resections.31 Occasionally, it will be necessary to
perform a partial or complete resection of the clavicle for isolated
chondrosarcoma of the clavicle or osteomyelitis after radiation for other
neoplasms. The procedure is relatively simple, with an incision that
follows the anterior border of the clavicle from the sternoclavicular joint to
the acromioclavicular joint. Dissection begins medially by dividing the

sternocleidomastoid muscles in a fashion that allows identification and
protection of the external jugular vein. Next, the dissection proceeds
laterally with transection of the trapezius and deltoid insertion on the
superior clavicle. The acromioclavicular joint is then disarticulated, and
the conoid and trapezoid ligaments are divided. The work then proceeds
medially again under the clavicle; this is greatly facilitated by using a
forceps to elevate the medial edge. This process usually brings the
subclavius muscle into view, which often is resected with the tumor
because the margin is usually very close along the subclavian artery and
vein. The sternoclavicular joint is disarticulated, and the clavicle is
removed. Dead space is mitigated by careful, layered closure over drains.
No attempt is made to reconstruct the clavicular strut.31 As with a
scapulectomy, the author of this chapter prefers to allow scar tissue to
form for 7 to 14 days; postural exercises are then started to emphasize
rhomboid and periscapular strength to “open up” the thoracic outlet.

Summary
Shoulder-level amputations are complex and challenging surgical
procedures. To provide optimal patient care, the surgeon must understand
the indications for such procedures along with limb salvage alternatives.
Complications are frequent and often require creative solutions, including
local or free flap coverage. Although these procedures entail loss of
function and disfigurement, they offer the patient the potential for diseasefree survival or recovery from a massive traumatic injury.
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Chapter 23

Amputations About the
Shoulder: Prosthetic
Management
Branden Petersen, BS, CP

Abstract
The complex functionality of the natural shoulder, elbow, wrist, and hand are
awe inspiring, both individually and as a collective whole. The coupling of
accurate, coordinated movements with sensory input provides humans with
an amazing instrument to perform intricate functions. Replacing the
exquisitely designed complex structure at and distal to the natural shoulder
region with a mechanical prosthesis presents many challenges. The short
lever arm, involvement of multiple joints, and diminished excursion
capabilities create functional limitations in a prosthesis and often dictate the
selection of components. There are many possible presentations of
amputations in the shoulder region that require prosthetic management;
some of the most common are humeral neck amputation, glenohumeral
disarticulation (shoulder disarticulation), and interscapulothoracic
amputation.
Socket design, interface materials, suspension methods, alignment, and
component considerations can affect the successful use of a prosthesis in the
shoulder region and must be carefully considered. There are several
approaches to prosthetic management, including no prosthesis use;
protective shoulder caps; and passive, adaptive, body-powered, hybrid, and
externally powered systems. All aspects of prosthetic management should be
discussed with the amputee during his or her initial evaluation.

Keywords: brachial plexus injury; forequarter; glenohumeral
disarticulation; humeral neck amputation; intercalary
amputation; interscapulothoracic; pattern recognition;
shoulder disarticulation; targeted muscle reinnervation;
Tikhoff-Linberg resection
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Introduction
Amputations in the shoulder region are relatively uncommon and are
generally related to malignant lesions, trauma, and congenital etiologies.1,2
The complete loss of an upper limb is a substantial loss. Replacing that
exquisitely designed natural limb with a mechanical limb presents many
challenges, including short lever arms, multiple joint involvement, and
diminished excursion capabilities.3,4 In addition, proximal amputation
levels can limit componentry selection and may require the use of
externally powered components for improved functional outcomes.5
Individuals with shoulder-level amputations often reject the use of a
prosthesis for a variety of reasons, including socket discomfort, lack of
heat dissipation, the weight of the prosthesis, and displeasing
appearance.6-8 Based on the literature, the overall rejection rate for a highlevel upper limb prosthesis ranges from 32% to 65%.6-10 However, with
advances in modern socket designs and materials, many of these rejection
factors have been addressed.

Figure 1

Clinical photograph of an individual with an
amputation at the level of the humeral neck.

Amputations and deficiencies in the shoulder region present in a range
of configurations; however, this chapter will focus on humeral neck
amputation,
glenohumeral
(shoulder)
disarticulation,
and

interscapulothoracic (forequarter) amputation. These levels of amputation
differ in their clinical presentation but are managed prosthetically in a very
similar fashion.3

Amputation Levels
Amputations and deficiencies about the shoulder region present differently
and require different fitting considerations.11 It is important to understand
the unique clinical presentations and functional capabilities of each level
of amputation when designing a prosthesis for the shoulder region.
Patients with an amputation at the level of the humeral neck typically
have an intact glenohumeral joint and a considerably shortened residual
humerus (Figure 1). Because the residual limb does not have the necessary
length to be fitted with standard transhumeral socket designs, thoracicstyle sockets are generally chosen. A glenohumeral disarticulation is an
amputation through the glenohumeral joint or a disarticulation of the
humeral head from the glenoid cavity (Figure 2). Individuals with an
interscapulothoracic amputation have undergone complete removal of the
shoulder girdle, including the scapula and the lateral two-thirds of the
clavicle (Figure 3).

Figure 2

Clinical photograph of an individual with a
glenohumeral disarticulation.

Evaluation
The initial stage in designing a prosthesis requires a comprehensive patient
evaluation. This evaluation is essential to the development of the most

appropriate prosthetic prescription to meet an individual patient’s
psychosocial and functional needs. Prosthetic components should be
matched to the patient’s physical characteristics, customary activities of
daily living, and vocational goals. The physical findings from the residual
limb examination as well as any associated injuries must be considered.
The rehabilitation team should take great care in gathering the
necessary information during the evaluation and design of the
prosthesis.12,13 Obtaining information on the amputation level, the
characteristics of the residual limb, the location of scarring, preinjury hand
dominance, the results of myoelectric and manual muscle testing, range of
motion, and the presence of phantom pain or sensation can assist in
designing the prosthesis, including component selection. Comorbidities,
including diabetes, overuse symptoms, decreased functionality of the
sound side, and any history of neck and back pain, provide further
guidance in determining the most appropriate prosthetic approach.

Figure 3

Clinical photograph of an individual with a
interscapulothoracic amputation.

A thorough understanding of the patient’s work-related tasks also is
necessary in designing the prosthesis. In some instances, a visit to the
patient’s worksite may be necessary to better understand vocational
requirements and justify the components being provided. In other cases,
the patient may be transitioning to a new occupation. Understanding the
requirements of current and future vocational goals is an important
consideration in prosthetic design.
The clinical evaluation lays the foundation for selecting the design and
control of the prosthesis. During the patient evaluation process, the

conceptual design of the prosthesis begins to develop. The size, shape, and
features of the socket for the shoulder region become apparent based on
the needs and abilities of the individual. For example, if a patient has an
amputation at the humeral neck level, the use of the movable humeral head
to activate force-sensitive resistors or switches is a consideration in the
design of the prosthesis. Alternatively, strong, distinct muscle contractions
allow for the consideration of myoelectric control strategies. Taking into
account the individual’s unique capabilities to control the prosthesis helps
in the creation of a device that more easily permits intuitive learning.

Figure 4

Superior photographic view of anterior proximal
casting compression techniques commonly used in modern
thoracic level sockets. (Courtesy of J. Thomas Andrew, CP,
FAAOP, Ability Prosthetic Systems, Salt Lake City, UT.)

Shoulder Region Socket Design
Socket designs for the shoulder region have substantially evolved from the
original bucket-style sockets, which encompassed the entire shoulder
proximally, extended 6 inches distally from the axilla, and wrapped around
nearly to the midline of the torso in their anterior and posterior
dimensions. The contributions of many clinicians and researchers have
reduced the bulk of these sockets, improved heat dissipation, enhanced
suspension, incorporated advanced materials, and refined harnessing
techniques.14-16
When designing a socket for the shoulder region, the clinician must
consider the type of prosthesis, heat dissipation, suspension, stability,
comfort, and frame placement. The prosthetic socket can be evaluated in
the following five critical support areas: anterior proximal, posterior

proximal, lateral wall, anterior distal, and posterior distal. A critical
evaluation of these five support areas with respect to suspension, softtissue loading, force couples during prosthesis use, comfort, and stability
will collectively provide the framework for design of a prosthetic socket
for the shoulder region.
During the molding process, it is necessary to provide anterior
proximal compression over the pectoralis and infraspinatus muscles
(Figure 4). This compression creates a wedge shape that assists with
suspension, axial loading, rotational stability, and maintaining electrode
contact in externally powered prosthetic designs. The anterior socket trim
line is typically located inferior to the clavicle for improved comfort. The
posterior proximal trim line is located over the supraspinatus and is
responsible for load bearing as well as reducing distal migration of the
socket. The lateral wall connects the proximal and the distal sockets. This
area assists with the transfer of forces to the inferior aspect of the socket.
The lateral wall is generally 3 to 5 inches wide, assists with soft-tissue
containment, and broadens the surface area of the socket for force
transmission.

Figure 5

Clinical photograph of an individual demonstrating
that with the shoulder joint flexed and gravity acting on the
humeral section and forearm, a rotational torque is created on
the socket (curved arrow). The torque force couples
experienced are located in the posterior proximal (PP) and
anterior distal (AD) aspects of the socket interface during
flexion activities and require socket support.

Figure 6

Photograph of an individual wearing a frame-type
socket with a flexible inner socket material and an external
laminated frame. The flexible thermoplastic inner socket
material provides greater friction and improved comfort
compared with laminated sockets.

Socket torque increases when the shoulder or elbow joint is flexed. The
resultant torque produces force couples at the anterior distal and posterior
proximal aspects of the socket interface (Figure 5). The anterior distal and
posterior proximal socket regions assist with torque stabilization and
should be dynamically simulated during diagnostic socket fitting to ensure
that the necessary force couple support has been achieved. In contrast,
because of the predominance of the force couple previously described, the
posterior distal aspect of the socket can be reduced to a smaller area of
support. This area of the socket generally assists with rotational stability
and is useful in activities involving shoulder and elbow extension.

Socket Material Selection
The selection of appropriate socket interface materials is a critical factor in
the overall successful application of a prosthesis for the shoulder region. In
general, socket interface materials with a higher coefficient of friction
assist in maintaining the position of the socket on short residual limbs.
Securing the position of the socket assists in maintaining the optimal
mechanics of the prosthesis.
In the past, rigid, laminated hard sockets were commonly used;
however, the low friction characteristics of the laminated surface created
difficulties in maintaining socket position. With the development of frametype sockets, the laminated sockets were largely replaced by flexible
thermoplastic inner sockets. The flexible thermoplastic material provided
greater friction and improved comfort compared with laminated sockets
(Figure 6).
In recent years, there has been a shift from traditional thermoplastic
socket interfaces to silicone rubber materials. A high consistency rubber
(HCR) silicone socket offers several advantages over thermoplastic
materials. It can be manufactured to the desired thickness and stiffness
(shore durometer), allowing the prosthetist to have localized control over
the physical properties of the socket construction. The HCR silicone

socket design for a shoulder disarticulation generally includes an over-theshoulder strap that is integrated into the silicone (Figure 7). This strap,
coupled with the high coefficient of friction of HCR silicone, helps prevent
distal migration of the prosthesis that could occur during use. The strap fits
the contour of the shoulder exactly and is soft and flexible so it moves with
the patient to provide greater comfort than other strap materials used in
this application. Because the HCR silicone is custom pigmented to
approximate the general skin tone of the amputee and the strap is
continuous with the inside surface of the socket, the cosmetic appearance
is good. To provide greater comfort in the transition area from a rigid
structure to a patient’s body, the HCR silicone socket is made to extend
farther than the composite frame to which it is attached. If there are
particularly sensitive or bony areas that require additional cushioning,
silicone gel pads can be integrated into the HCR silicone to provide
excellent padding for improved comfort and function. This feature is
especially useful when a hybrid or body-powered prosthesis is used,
because high forces may be needed for activation.

Figure 7

Photograph of a patient with a custom, high
consistency rubber (HCR) socket for a myoelectric shoulder
disarticulation prosthesis. Note the HCR axilla padding.

(Courtesy of Jack Uellendahl, CPO, Hanger Clinic, Austin, TX.)

Component Setup Considerations
Proper component selection and setup is key to the successful use of a
prosthesis. When designing a prosthesis for the shoulder region, the device
is essentially fabricated twice—once during an expedited provisional
fitting to evaluate the function and biomechanics of the prosthesis and then
a second time in the form of the definitive prosthesis. The initial
provisional fitting involves evaluating the fit of the test socket, the location
and alignment biomechanics of the components, the harness design, the
configuration of the control inputs, and the consistency of the resultant
control. After these factors are deemed satisfactory, the definitive
prosthesis is fabricated based on the provisional template.
Several factors should be considered with respect to the prosthetic
shoulder joint. Many individuals benefit from a shoulder joint that allows
free swinging in the sagittal plane. The freeing of the shoulder joint affords
improved posture and gait, decreases extraneous body motions to
accomplish certain tasks, and diminishes the forces on the individual’s
residual limb.17 Free swinging shoulder joints should be aligned
perpendicular to the ground and in 10° to 15° of internal rotation for
improved midline positioning. For individuals with amputations at the
level of the humeral neck, the prosthetic shoulder joint is sometimes
placed inferior to the humeral neck. Although this placement does not
provide a natural appearance, it allows the weight of the components to be
situated closer to the body and reduces the torque and lateral bulk of the
prosthesis.4
Prosthetic elbow alignment also has key considerations. The elbow
joint is typically placed to approximate the center of the sound side elbow
joint or slightly more proximal. The more proximal placement of the
elbow joint center decreases the pendulum effect perceived by the amputee
and generally improves the functionality of the prosthesis. In addition, the
more proximal placement of the elbow joint allows improved seating
capabilities in chairs with a side arm. These benefits must be balanced
against a shorter prosthetic appearance, which is often less cosmetically
acceptable. For improved functionality, the elbow joint axis of rotation
should be perpendicular to gravity.
Because a prosthesis for the shoulder region replaces several joints, it

is desirable to use wrist components that have multiple positioning
capabilities. For body-powered devices, flexion and spring rotation wrist
units are frequently used to improve the individual’s ability to place the
terminal device in multiple positions during midline tasks. For externally
powered devices, electric wrist rotation is a consideration in individuals
with a unilateral amputation and an essential component for those with a
bilateral upper limb amputation.
With respect to prosthetic suspension, there are several variations of
chest strap harnesses. Harness designs for the shoulder region can be
challenging and elaborate depending on functional and suspension goals.
However, the chest strap is the most commonly used harness to prevent
socket displacement.

Prosthetic Approaches
The seven general categories for prosthetic approaches for the shoulder
region are as follows: no prosthesis; protective shoulder caps; passive
oppositional restorations; and adaptive, body-powered, hybrid, and
externally powered prostheses (Table 1). Because certain types of
prostheses are contraindicated for some activities, an individual may
require secondary prostheses to accomplish the many activities of daily
living and work-related tasks. Secondary prostheses are essential for
individuals with bilateral upper limb amputations.9,18

No Prosthesis
Individuals with amputations about the shoulder region comprise a small
patient population. In general, prostheses for the shoulder region are less
functional and more likely to be abandoned when compared with
prostheses for more-distal amputation levels. Factors that contribute to
rejection of a prosthesis are decreased functional benefit, socket
discomfort, weight, heat retention, loss of sensory feedback after the
residual limb is covered by the socket, and appearance.6,7 The choice of
not using a prosthesis for the shoulder region should be presented as an
option. However, it is also common for amputees to request a prosthesis
several years after amputation because of overuse symptoms in the soundside upper limb. Although overuse syndrome does not affect all amputees,
this syndrome should be discussed when options for prosthesis use are
presented.

Protective Shoulder Caps
Amputees often report improved security of their residual limb after it is
covered and protected. A shoulder cap can protect the residual limb from
bumps and other environmental assaults. After an amputation about the
shoulder region, large neurovascular bundles can be sensitive to touch.
Shoulder caps can assist in protecting these sensitive portions of the
residual limb. Protective shoulder caps for interscapulothoracic
amputations are shaped to restore the symmetry of the shoulders (Figure
8). The built-in shoulder shape assists in maintaining proper positioning of
clothing on the body. The protective caps can be lightweight; can be
fabricated from a variety of materials, such as soft foam; and require a
chest strap for suspension.
Table 1 Shoulder Region Prosthetic Options: Advantages and
Disadvantages

Figure

8

Photograph
of
a
patient
with
an
interscapulothoracic amputation wearing a protective shoulder
cap with lightweight closed-cell cross-linked polyethylene soft
foam shaping and a chest strap.

Passive Oppositional Restoration Prostheses
Passive devices for the shoulder region are a good option for individuals
requiring a lightweight device. As the name implies, the device can be
passively positioned for various activities (Figure 9). It is a misconception
that oppositional devices provide no functional benefits. There is some
evidence that passive devices are used to perform activities of daily living
as often as prostheses with active grasping capabilities.19 These devices
can restore the functional length of the limb and promote bimanual
functionality. A passive prosthesis can be socially beneficial because it can
assist in promoting a psychological acceptance of the amputee’s impaired
body image.20 A restored body appearance can provide more confidence
in work and social settings.
Endoskeletal elbow joints allow the user to position the elbow in
several different positions and lock it into place. With the elbow locked in
flexion, the prosthesis can assist the user in functional activities such as
carrying grocery bags.
Multiple glove options are available for a passive prosthesis. Off-theshelf vinyl production gloves are inexpensive but must be replaced
frequently because of staining. These production gloves are selected based
on a color swatch and do not match the color of the individual’s natural
skin. Another option is silicone gloves, which do not stain as easily as
vinyl gloves but lack durability and are more costly to replace. Silicone
gloves have a high coefficient of friction that aids users in holding down

objects for contralateral hand manipulation. In some instances, gloves are
fabricated as custom silicone restoration prostheses. Generally, custom
silicone gloves better match the contralateral limb in color and other
aspects of physical appearance.

Figure 9

Photograph of an individual wearing a passive,
oppositional prosthetic restoration during the provisional fitting
stage. The prosthesis is lightweight and has passively
positioned endoskeletal componentry. The reduced weight and
lack of active control permit a reduced socket size.

Adaptive Prostheses
Designing adaptive prosthetic devices requires persistence, knowledge,
and creativity. Adaptive, activity-specific devices are not commonly used
for patients with amputations about the shoulder region, but they can be
considered as an option to meet an individual’s need to accomplish
activities of daily living, work-related tasks, and recreational and sporting
activities. In some instances, adaptive prostheses do not resemble a typical
prosthesis in appearance because they are designed for a specific activity
(Figure 10).
Adaptive terminal devices can be used on an existing passive, a bodypowered, or a myoelectric prosthesis. The individual can apply the
appropriate terminal device based on the activity being performed. This

presents an attractive option because the prosthesis can be used for
multiple purposes. Adaptive terminal devices are available for a wide
range of special activities, and some can be used with shoulder-level
prostheses.

Figure 10

Photograph of an individual using an adaptive
shoulder region prosthesis for cycling.

Body-Powered Prostheses
Body-powered prostheses require that the individual is capable of
generating both force and excursion through joint motion captured through
a harness. The excursion required to fully flex a prosthetic elbow joint and
open a terminal device is 4.5 inches. This excursion is generally captured
through two body motions: glenohumeral flexion and biscapular
abduction. For individuals with amputations about the shoulder region,
capturing this amount of excursion is difficult and in some cases
impossible.4 Although these amputees have biscapular abduction
capabilities (except at the interscapulothoracic level), the lack of a
humerus or adequate humeral bone length eliminates glenohumeral flexion
as a source of excursion. In the absence of glenohumeral joint motion, an
individual lacks approximately 50% of the needed excursion required to
operate a body-powered prosthesis to its end range. As a result, externally
powered components are often required, especially for those with
interscapulothoracic-level amputations in which approximately 25% of the
total required excursion is available.

Figure 11

Posterior photograph of an individual with a
bilateral shoulder disarticulation fitted with a prosthesis using
an excursion amplifier to reduce the excursion requirements.

Prosthetic elbow alignment and setup are critical considerations for
shoulder region prostheses. Because of the compromises previously
described, the body-powered prosthesis needs to be set up to capture
maximum excursion. For high-level, body-powered prostheses, double lift
assists can be coupled at the elbow while placing the fairlead cable slightly
anterior to the elbow’s axis of rotation. This placement of the fairlead
cable decreases the excursion required to flex the elbow but increases the
required force. The double lift assists compensate for the additional force
requirements. This principle can be applied to hybrid designs as well.
Using lift assists and cable positioning can greatly improve functionality.
Excursion amplifiers can be used to reduce the required excursion;
however, increased force is required to flex the elbow and open a terminal
device (Figure 11). Excursion amplifier pulleys generally decrease the
excursion requirement by 50% but double the force needed to activate the
component.
Other design tradeoffs can be considered for body-powered prostheses
for shoulder-region amputations. Because of the limitations to available
excursion, body-powered devices are often designed to dedicate cable
excursion exclusively to the activation of the terminal device while
allowing the elbow to be passively positioned. This allows the user to have
control for externally powered prosthesesfull activation of a hook or a
hand, despite the inherently limited excursion capabilities. This
mechanical tradeoff is accomplished by using a Bowden cable instead of a
fairlead cable (Figure 12). After the elbow is passively placed in a midline

position, 2.5 inches of captured scapular motion allows the user to open
the terminal device for grasping.

Figure 12

Anterior (A) and posterior (B) photographic views
of an individual wearing a shoulder disarticulation bodypowered exoskeletal prosthesis with an excursion amplifier and
chest strap. Anterior chest expansion creates terminal device
activation through a dedicated Bowden cable. Elbow flexion is
controlled with biscapular abduction through a second
dedicated cable. This individual can capture additional
excursion for both movements by applying pressure to the
chest strap as it passes through the sound-side axilla to
modulate its relative position. He can reach back with his
sound-side brachium and compress the chest harness against
his body wall to improve excursion capture during bilateral
scapular abduction. Similarly, reaching forward with his soundside brachium and compressing the harness against his body
improves cable excursion during chest expansion.

Another tradeoff to consider for humeral neck–level body-powered
prostheses is an intentional reduction of socket stability. Because bodypowered prostheses require captured excursion and force through a
harness, it is sometimes advantageous for the humeral neck–level socket to
have less stability. This can be accomplished by designing a smaller socket
footprint that will displace distally from the residual limb during
glenohumeral flexion and capture additional cable excursion.

Hybrid Prostheses
Hybrid prostheses combine various technologies and can be designed in
many configurations, including externally powered elbows coupled with

body-powered terminal devices and, more commonly, body-powered or
passive elbows coupled with myoelectric terminal devices14,21 (Figures
13 and 14). Hybrid designs offer a lighter-weight option compared with a
fully externally powered system and reduce the excursion requirements by
approximately 50% of those seen in fully body-powered designs. At the
humeral neck and glenohumeral levels, the individual can use biscapular
motion to position the prosthetic elbow through a harness and control
cable and myoelectrically control the terminal device. At the
interscapulothoracic level, the elbow can be passively positioned by the
sound-side extremity, preserving myoelectric sites for control of the
terminal device (Figure 14). Socket designs for hybrid systems should
provide a stable platform to ensure that the electrodes will remain in the
proper position and provide consistent control. Hybrid designs also may
afford proprioceptive feedback through the harness regarding elbow
position.

Externally Powered Prostheses
Externally powered devices typically use a powered elbow, powered
terminal device, and, in some instances, electric wrist rotation. These
components can be set up and controlled in many configurations. Some of
the input options for controlling an externally powered device include
myoelectric surface electrodes, switches, force-sensing resistors, and linear
transducers. In some instances, multiple inputs are required to gain the
desired function. These devices are often programmed wirelessly using a
graphic user interface and allow the selection of multiple control strategies
to customize function based on the unique capabilities of the individual.
The socket interface for externally powered devices should be designed for
comfort, good suspension, heat dissipation, and stability (considering the
additional weight of an all-electric system). A stable socket ensures
consistency of control for externally powered prostheses and offers
important functionality for individuals with limb loss about the shoulder
region.5

Figure 13

Clinical photograph of an individual wearing a
humeral neck–level hybrid prosthesis with a passive locking
elbow and an externally powered hand. A Sauter half-and-half
socket design uses an integrated shoulder saddle that allows
the acromion and bony anatomy to exit the socket. The weight
of the components is then supported by the integrated saddle.
The socket footprint on these socket designs closely
approximates transhumeral designs.

Recently, targeted muscle reinnervation surgery has been associated
with several advantages, including long-term neuronal pain management
and improved simultaneous myoelectric control (the ability to
simultaneously control movements at multiple prosthetic joints).22-25 The
latter is more fully realized when targeted muscle reinnervation is
combined with pattern recognition–based systems in which
microprocessors recognize specific characteristics of differing myoelectric
signals and classify them into desired functions. Various methods for
advanced signal acquisition are currently being evaluated; however, the
best method to capture information from the nerves is still being

investigated.21

Atypical Presentations in the Shoulder Region
Brachial Plexus Injuries
Individuals with brachial plexus nerve injuries often have similar
functional capabilities as those with amputations about the shoulder region
(depending on the completeness of the brachial plexus injury). Because of
the lack of protective sensation, many individuals with a brachial plexus
injury will unknowingly damage their upper limbs and are often presented
with the choice of elective amputation. If the individual has good scapular
excursion and strength and there is no functional return expected, a
midlength transhumeral amputation with glenohumeral arthrodesis can be
considered by the rehabilitation team. The goal is to improve limb
functionality with or without a prosthesis.26

Figure 14

Clinical photograph of an individual with an
interscapulothoracic-level amputation fitted with a provisional
hybrid prosthesis with a passive elbow and an externally
powered hand.

Arthrodesis of the glenohumeral joint allows the individual to position
the humerus using scapular motion and prevents shoulder subluxation. In
these cases, the glenohumeral joint is typically fused in 30° of flexion and
30° of abduction. This fusion position allows the user to maintain axilla
hygiene and places the limb in an optimum position for prosthesis use
(Figure 15). Prosthetic management of such patients draws on the general
principles described for other shoulder-level amputations. In general, a
brachial plexus injury is a predictor of poor prosthesis use.23

Tikhoff-Linberg Procedure
In malignant lesions in which the shoulder girdle must be removed but the
distal humerus, forearm and hand are uninvolved, a Tikhoff-Linberg
procedure may be considered by the rehabilitation team. In contrast to a
shoulder disarticulation, this procedure can preserve function in the arm
and hand.1,2 Although these cases are relatively rare, they can be treated
with a prosthesis using thoracic socket design concepts. The TikhoffLinberg resection can be challenging to stabilize with prosthetic and
orthotic devices.3 This type of surgical resection does not lend itself to
allowing the patient to carry objects of substantial weight or position the
forearm in greater than 90° of flexion for midline tasks (Figures 16 and
17).

Figure 15

Radiograph of the shoulder region of a patient 24
months after arthrodesis for a brachial plexus nerve injury.
(Courtesy of Abraham Appleton, MD, Sayre, PA).

Bilateral Shoulder Region Considerations
The prosthetic needs of individuals with bilateral limb loss differ greatly
from those with unilateral limb loss. In bilateral amputations about the

shoulder region, the rehabilitation team must consider all options to
improve functionality, including limb lengthening for amputations at the
level of the humeral neck.27 Regardless of hand dominance before
amputation, in bilateral high-level amputations, the longer residual limb
typically becomes the dominant limb. Component selection is critical in
designing a functional prosthesis to improve the bilateral amputee’s
independence. A successful protocol for fitting bilateral amputations in the
shoulder region consists of fitting the dominant residual limb with a bodypowered system and the nondominant residual limb with an externally
powered system (Figure 18). This protocol provides some control
differentiation between the bilateral prosthetic arms. An important
consideration is providing a secondary set of prostheses. This ensures that
the individual has a working set of prostheses in the event that the primary
set requires major repair.

Figure 16

Anterior (A), lateral (B) and posterior (C) clinical
photographs of an individual with a Tikhoff-Linberg resection.
(Courtesy of John Rheinstein, CP, FAAOP, Hanger Clinic,
Austin, TX).

Figure 17

Clinical photographs of a patient who was treated
with a Tikhoff-Linberg resection. A, Anterior view of a thoracic
socket design with humeral support. B, Appearance of the
prosthesis in place. C, The prosthesis affords a good cosmetic

result under clothing.

The Rehabilitation Team
Using a team approach for the rehabilitation of a patient with a high-level
amputation about the shoulder region can improve both short- and longterm outcomes. This is especially true in those patients with bilateral upper
limb amputations. The rehabilitation team approach should consist of a
patient-centered model with access to the surgeon, the physical medicine
and rehabilitation physician, the psychologist, the physical therapist, the
occupational therapist, and the prosthetist. The team and patient should
work together to develop the best prosthetic prescription to accomplish
activities of daily living and work-related tasks.
It is imperative that the rehabilitation professionals are acutely aware
of the psychological aspects of limb loss. The process of going through an
amputation has been described by many amputees as similar to going
through a grieving process, and it can affect all aspects of the patient’s life.
Individuals experiencing amputation may also present with emotional
stress related to the unknown. Educating the individual so that he or she
understands the rehabilitation steps and the expected functional return can
alleviate some of these stressors. Individuals with amputations can benefit
from meeting others with a similar amputation level. This can provide
renewed hope for future functionality. There are many organizations,
including the Amputee Coalition of America, the Amputee Empowerment
Program, and local peer support groups that can help new amputees and
their families cope with the life-changing effects of limb loss.
With the rapid advancement and improvements in the functionality of
prosthetic components, comprehensive occupational therapy is required to
ensure optimal functional outcomes. Occupational therapy in using
prosthetic devices provides a foundation for the amputee to overcome
functional challenges and live a productive life.28 As prosthetic
technologies continue to advance, it is anticipated that there will be an
increasing need for therapists with experience in the latest technologies.

Figure 18

Anterior (A) and posterior (B) photographic views
of an individual with a bilateral upper limb amputation with a
body-powered device on the right side and an externally
powered device on the left side.

Summary
The upper limbs are amazing instruments capable of accomplishing
sophisticated tasks. Designing upper limb prosthetic devices to replace
limb loss about the shoulder presents many challenges. Amputation levels
need to be evaluated closely, and the prosthesis should capitalize on the
remaining functional features of the individual’s residual limb. It is
important to understand that one socket type may not work in all prosthetic
approaches. Socket design considerations in the successful use of a
prosthesis for shoulder region amputees include comfort, anatomic
contouring, stability, heat dissipation, and suspension. Designing and
selecting the appropriate prosthetic components to match the individual’s
activities of daily living and work-related tasks coupled with occupational
therapy provide the best scenario for success. A thorough knowledge of
each type of prosthesis, including features, indications, and
contraindications, allows the amputee and rehabilitation team to make the
best decisions. A thorough knowledge in the subtleties of component
selection and alignment of the various joint segments optimizes the
functional characteristics of the final prosthesis. Thorough evaluations and
a patient-centered approach by the rehabilitation team should improve

functional outcomes for those with amputations about the shoulder region.
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Chapter 24

Bilateral Upper Limb
Prostheses
Jack E. Uellendahl, CPO

Abstract
After a bilateral upper limb amputation, the ability to perform basic and
routine tasks, such as eating and self-care, become difficult or impossible
without assistance. The goal of prosthetic rehabilitation for a patient with a
bilateral arm amputation is to enable the individual to achieve functional
independence and to successfully participate in vocational and recreational
pursuits. Subtle details of socket fit, control system configuration, and
suspension can sometimes mean the difference between success and failure.
Success relies on selecting the most appropriate components, matching those
components with optimal control sources, and interfacing them with the
human body in a comfortable and functional manner. Equally important is
the user’s dedication and motivation to succeed in the face of adversity.
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Introduction
Bilateral upper limb amputation is a profound loss for an individual. The
ability to perform basic and routine tasks, such as eating and self-care,
become difficult or impossible without assistance. Prostheses and other
assistive devices can enable the users to regain a measure of their lost

ability to manipulate objects and allow them to successfully accomplish a
variety of tasks. However, replacement of the many exquisite features of
the physiologic hand is not yet possible. Even simple tasks require an
amazing amount of complex manipulation. For example, these words were
typed using 10 fingers working in concert. Each finger performs both
independent and coordinated simultaneous functions, relying on sensation
and precise positioning to accurately produce the intended result. These
abilities often are taken for granted until they are lost.
The goal of prosthetic rehabilitation for the bilateral arm amputee is to
enable the individual to achieve functional independence and successfully
participate in vocational and recreational pursuits. Although bilateral arm
prostheses restore only a small amount of the lost functionality, users are
able to perform many activities that otherwise would be impossible. Subtle
details of socket fit, control system configuration, and suspension can
sometimes mean the difference between success and failure. Unlike a
patient with a unilateral arm amputation, a patient with a bilateral arm
amputation does not have the option of compensating for the inadequacies
of a prosthesis by using his or her intact physiologic arm.1 Every detail of
prosthetic design should be optimally accomplished. Because of the
inability to duplicate the diverse and complex functions of the human arm,
prosthetic systems should be viewed as tools with different components
best suited for different applications. Success relies on selecting the most
appropriate components, matching those components with optimal control
sources, and interfacing them with the human body in a comfortable and
functional manner. Equally important is the user’s dedication and
motivation to succeed in the face of adversity.

Patient Evaluation
Because of the complexity of bilateral upper limb loss and the fluid nature
of the early rehabilitation period, a thorough evaluation of the new
bilateral arm amputee should take place over a period of time. Most
individuals who sustain bilateral upper limb amputations have experienced
a traumatic injury and have additional medical comorbidities beyond limb
loss. Ideally, a team of experienced professionals should work together to
address the many challenges facing the new amputee. The treating or
consulting professionals may include an orthopaedic surgeon, a physiatrist,
a prosthetist, an occupational therapist, a physical therapist, a psychologist,

a nurse, and a social worker. In addition, the access to peer support is an
invaluable adjunct to the care and treatment provided by medical
professionals. The patient, as the center of the team, will ultimately
determine several aspects of his or her own care, including which type of
prosthesis is preferred.

Figure 1

A, Photograph of an individual with a bilateral
congenital upper limb absence who has developed remarkable
dexterity and manipulative foot function. B, Photograph of a
man with acquired bilateral upper limb loss. Adults usually do
not develop remarkable foot function but may find foot use an
efficient alternative to prosthetic function for tasks away from
the body.

Factors that affect the selection of the prosthetic component and
control scheme include cognitive level, mechanical aptitude, family life,
occupation, hobbies, and self-image. Residual limb length, strength, and
range of motion of the upper limbs, including scapulothoracic motion,
should be evaluated. These factors have direct implications regarding the
method of fitting the prosthesis. The general strength and flexibility of the
lower limbs should be assessed. With more proximal amputations, foot use
should be encouraged, with training dedicated to exploring and developing
the manipulative capabilities of the feet (Figure 1). Alternatively,
individuals with comorbid lower limb involvement may need to use their
upper-limb prostheses to hold and transfer weight through an assistive
device (Figure 2). At the conclusion of the initial evaluation process, a
defined plan should be in place regarding the prosthetic component
selection and control. However, the team should also be flexible and open

to change throughout the rehabilitation process. It should be expected that
the prosthesis configuration will change over time in response to the
changing needs and abilities of the user.
Throughout the evaluation process, the prosthetist should consider the
advantages and disadvantages of various component and control options as
they relate to the specific individual. To give structure to this evaluation
process, it is useful to understand the attributes of the ideal prosthesis and
then compare those attributes to available technologies.
The ideal prosthesis would restore the appearance and function of the
lost limbs and control would be intuitive and subconscious. The ideal
prosthetic prehensile device would be a lightweight, durable hand that is
capable of manipulating a wide variety of objects that differ in size, shape,
and texture. The characteristics of the objects would be related back to the
user through a sensory feedback system. Proprioception regarding the
speed of prosthetic movement, the force exerted, and the position of the
prosthetic device would be inherent.
Currently available, state-of-the-art prostheses and prosthetic
prehensile devices fail to meet all of these criteria. However, considering
the needs and priorities of each individual and comparing these against the
attributes of each prosthetic component and control scheme will help
achieve optimal use of current technology.

Figure 2

Photograph of a patient who needs an assistive

device for ambulation. The design of the upper limb prosthesis
should take into consideration how to best hold the assistive
device and comfortably distribute the pressure of partial weight
bearing through the upper limbs.

Although this chapter primarily focuses on the management of adult
amputees, many of the concepts may have application for the management
of children. However, because of their small size and often immature
cognitive ability, children cannot be treated as small adults. Pediatric cases
are characterized by decreased force and excursion and a lower tolerance
for weight and prosthesis complexity. Congenital bilateral limb deficiency
is very rare, and the issues regarding prosthetic fitting can be quite
different from those of adults. Children will often learn to use their feet
with remarkable dexterity to augment their manipulative capabilities2
(Figure 3).

Staging of Care
In all patients with an arm amputation, whether unilateral or bilateral, it is
advisable to fit the prosthesis as soon as possible, preferably within the
first 30 to 90 days. The period of 30 days after amputation has been
referred to as the golden fitting period for upper limb prosthetic devices,
leading to optimal acceptance and usage.3 There are many advantages to
early postoperative fitting, including decreased edema and pain,
accelerated wound healing, improved patient rehabilitation, decreased
length of hospital stay, increased prosthetic use, maintenance of some
continuous type of proprioception input through the residual limb, and
improved patient psychological adaptation to amputation.3 In patients in
whom other injuries or other complicating factors make fitting within the
golden period infeasible, it may be necessary to delay prosthetic use. In
many patients, one side may be ready to fit before the other, and it is
advisable to do so. Initially, providing a prosthesis on one side only is
often desirable.

Figure 3

Photograph of a young boy with acquired bilateral
very short transhumeral amputations demonstrating the
superior manipulative function provided by his sensate feet as
he stabilizes the object with his prosthesis.

Prosthetic training should begin using a component configuration and
control scheme that is as simple as possible to prevent the patient from
experiencing “gadget overload.” This is especially true at higher levels of
amputation where the possibility exists for multiple dynamically
positioned components on each limb. In these cases, it is advisable to
introduce new components sequentially, allowing time for the user to
become accustomed to each new device before increasing the overall
complexity of the prosthesis.
Given the dynamic nature of prosthetic rehabilitation of the bilateral
arm amputee, it is useful to develop short- and long-term goals. As the
skills of an amputee develop, his or her medical condition stabilizes and
priorities change in response to the challenges of daily life. The optimal
prosthetic device, usage pattern, and individual preferences also may
change. It is reasonable to expect that this process will take 6 to 12
months, depending on the level of limb loss, the extent of other
complicating factors, and the speed at which an individual adapts. A
prototype prosthesis is valuable during this period because it will allow the
amputee and the rehabilitation team to evaluate various prosthetic systems

before deciding on a definitive prescription (Figure 4).

Figure 4

Photograph of a patient with prototype prostheses
that allow her to experience the use of various components
before implementation in the final design. Prosthesis alignment,
length, and other parameters can be evaluated and optimized
during this stage of the fitting.

Short-term goals will generally focus on mastering use of the
prosthesis for basic daily functions, including donning the prosthesis,
eating, and toileting. Long-term goals may include dressing, vocational
skills, and avocational pursuits. During this period of experimentation, it is
recommended that the amputee spends most of his or her time at home,
returning to the rehabilitation facility periodically for prosthetic
modifications and additional training. This allows the user to determine
which prosthetic configurations work best in real-life situations and
identify specific problems that need attention during the next consultation
with the rehabilitation team. It is reasonable to expect that complete
independence will be achieved by nearly all patients, except those with the
loss of both limbs at or above the transhumeral level or in patients with
other limiting factors. However, even some bilateral transhumeral
amputees are able to attain complete independence in accomplishing daily
tasks.

Figure 5

A patient’s functional envelope can sometimes be
expanded by repositioning the prosthesis on the limb.
Photograph of a man retrieving his wallet from his back pocket,
which requires operation of the prosthesis hook behind his
back.

Socket Design
Generally, socket designs for the bilateral amputee do not differ from
unilateral designs. However, because of the absence of both hands, it is
necessary to consider the donning ease and the positioning flexibility of
the prosthesis. Positioning flexibility includes the range of motion of the
intact physiologic joints when a prosthesis is worn and, in some instances,
the ability to reposition the prosthesis in useful ways at the limb socket
interface to increase the scope of functional use (Figure 5).
Although the socket may not be completely self-suspending, the
interface should fit snugly and work with the suspension system to provide
a prosthesis that feels firmly connected to the user. This intimate fit will
afford optimal positioning control of the prosthesis and minimize its
perceived weight. In both body-powered and electronically controlled
systems, the socket is the foundation of the prosthetic system; any

shortcomings will substantially affect the successful use of the prosthesis.
Ineffectual motion should be minimized so that when the residual limb
begins to move, the prosthesis will move.

Figure 6

Clinical photographs of a patient wearing a
shoulder saddle. A, A custom, high consistency rubber silicone
socket with an integrated shoulder saddle provides good
suspension and socket stability. B, The patient, who has
quadriplegia, uses a hybrid myoelectric transhumeral
prosthesis with an integrated silicone shoulder saddle.

The materials used in the construction of a prosthesis are an important
consideration. For example, carbon fiber and other composite materials
provide a strong and lightweight prosthesis.
Custom-made silicone sockets provide improved comfort for all levels
of upper-limb prostheses users compared with previous construction
materials. These sockets are made of high consistency rubber (HCR)
silicone, which has several advantages over the rigid and flexible plastics
previously used for socket construction.4 Because HCR silicone is very
flexible and elastic, it facilitates greater range of motion as the material
bends and stretches with limb movement (Figure 6). However, the
tackiness of HCR silicone can complicate donning, and this should be
taken into consideration.
Patients with transradial amputations who use body-powered control
will often benefit from flexible hinges because they allow the amputee to

retain physiologic forearm rotation. When self-suspension is desired,
supracondylar sockets such as those typically used for myoelectric control,
and to a lesser extent, for body-powered control, are generally best donned
by pushing the residual limb into the socket. The Northwestern University
self-suspending socket5 offers particular advantages for bilateral
transradial fittings in which supracondylar suspension is desired because it
tends to offer good range of motion at the elbow and is easily donned by
pushing in. The Northwestern socket can be modified with a cutout over
the olecranon, which reduces heat buildup and improves appearance,
especially when the elbow is extended.6
Socket designs that require the limb to be pulled in are generally
avoided because of the obvious difficulties presented by bilateral upper
limb loss. However, in rare instances when pulling in is considered
necessary, the use of a nylon donning bag has proved an effective tool and
can be used independently by some patients.
The socket for a transhumeral prosthesis should provide for close
coupling of the residual limb and the prosthesis to maximize prosthetic
function. Because the ideal socket design should cause little or no
restriction of intact joint motion, open shoulder designs are preferred
because they allow relatively free range of motion at the shoulder joint,
especially when sufficient residual limb length remains.7 Another option
for transhumeral socket design is the half-and-half socket.8 This socket
uses a flexible silicone proximal section that is fitted over the shoulder
region and is fabricated as an integral part of a distal inner flexible socket.
The deltoid area is cut out laterally, providing improved flexibility and air
circulation within the socket. The rigid external frame of the socket
extends from the axilla level distally (Figure 6). Another option similar to
the half-and-half socket is the flexible shoulder suspension system in
which a strip of spandex-backed neoprene (or similar material) replaces
the silicone “saddle” and is attached to the “wings” of the standard open
shoulder socket.1
In contrast, closed shoulder designs are best used for short residual
limbs where insufficient leverage exists to use the full range of physiologic
shoulder motion. The closed shoulder socket offers good stabilization of
the prosthesis on the user and a convenient and secure anchor point for the
lateral suspension strap of the harness.
Designs for a shoulder disarticulation interface require sufficient
surface area to effectively stabilize the prosthesis on the amputee. Because

of the length of the lever arm of the prosthesis and the weight of the
components, there is a strong tendency for rotation at the prosthesis-user
interface, especially as the terminal device is moved away from the body.
Therefore, the socket perimeter should extend sufficiently on the torso to
resist these forces.9 A frame-type socket allows for stabilization and heat
dissipation while minimizing weight. If body-powered control is used, the
frame should capture as much body motion as possible, particularly
biscapular abduction. Any lost motion will reduce the function of the
prosthesis.
If the components are controlled myoelectrically, the generation of
control signals may create incidental shoulder motion that could displace
the socket and allow electrode movement. In such cases, it may be
advantageous to allow the shoulder to move independently within the
frame. The weight of the prosthesis can serve to anchor the frame to the
user while allowing the use of shoulder motion to activate various
electronic inputs.
Several shoulder disarticulation frame designs are currently used.
When designing a frame for a particular individual, the prosthetist should
consider control sources, harness attachments, and shoulder joint mounting
as well as design objectives. These design requirements will dictate the
optimal frame geometry for a particular individual.

Harnessing
Conventional harnessing serves the dual role of suspension and control of
a body-powered prosthesis. In designing a harness system for the bilateral
arm amputee, it may be useful for the prosthetist to consider suspension
and control separately. Harness requirements are altered when electrically
powered components are used or when the socket design provides
suspension. Either or both of these situations can lead to a simpler harness
design that can be worn less tightly, potentially making the harness more
comfortable.
In situations in which bilateral prostheses are harnessed together, each
prosthesis serves as the anchor point for the other. When both prostheses
rely on the harness for control, inadvertent cable excursion (sometimes
referred to as cross-control) becomes a potential problem. One solution to
cross-control is to provide a fully body-powered prosthesis on one side and
a fully electrically powered prosthesis on the other side so that the control

motions affect only the intended device.

Figure 7

Photograph of a patient with a shoulder level and
transhumeral limb absence. In some instances, the user may
prefer to activate only the more dominant transhumeral
prosthesis. The passive shoulder level prosthesis then serves
as an anchor for the control harness.

In some instances, a socket may be fitted to provide an anchor for the
contralateral prosthesis (Figure 7). For example, in the shoulder
disarticulation/transhumeral combination, the side of the shoulder
disarticulation might be managed with a frame-type socket or passive
prosthesis to provide a firm anchor for suspension and control of the
transhumeral prosthesis. These options can be shaped to provide aesthetic
shoulder symmetry.
The patient with a bilateral transradial amputation who uses bodypowered control will generally be fitted with a standard figure-of-8
harness, which typically incorporates a ring at the cross point for free
movement of the straps, with flexible hinges and a triceps pad. Compared

with the unilateral figure-of-8 harness, the bilateral version eliminates the
axilla loop, which frequently causes discomfort. This type of harness is
well tolerated by almost all patients and is easy to don and doff
independently. At the transradial level, bilateral myoelectrically controlled
prostheses typically require no harness.

Figure 8

Photograph of a patient wearing a harness with a
leather pad that is used to replace the cross point of the
webbing harness. This design spreads the load over a larger
area and helps position the control attachment straps lower on
the back.

Similarly, a bilateral transhumeral amputee wearing body-powered
systems will usually be fitted with a figure-of-8 harness with or without a
ring. If cable excursion is limited, it is advisable to use a harness design
without a ring to limit any loss of motion that may occur when the harness
straps rotate on the ring during use. Either a sewn configuration or a
leather pad may be beneficial to direct the control attachment straps more
inferiorly on the scapulae and increase the available excursion (Figure 8).
Alternatively, a cross-back strap can be used to keep the control
attachment straps low on the scapulae. This also can be accomplished with
a dual-ring type harness, with two rings fixed to each other by a strap, one
inferior to the other (Figure 9). Harness configurations for mixed-level
fittings must use sound principles for prosthesis stabilization, suspension,
and control (Figure 10).

Components

Terminal Devices
The new bilateral upper limb amputee will likely express a preference to
be fitted with prosthetic hands because of the assumption that available
technology can replace the function and appearance of the physiologic
hand. Unfortunately, most body-powered hands are mechanically
inefficient and are not useful to the bilateral amputee. If hands are desired,
electrically powered hands are generally indicated, although such hands
provide little or no proprioceptive feedback.10 Advantages of electrically
powered prehensile devices are a high grip force that can be sustained
without continued control input. Multifunctional hands offer a wider
variety of grip patterns and hand postures that some bilateral prosthesis
users have found useful (Figure 11). Most bilateral amputees fitted with
electrically powered hands will also benefit from the use of
interchangeable electric hook prehensile devices (Figure 12). This option
allows the amputee to choose which device is best suited to accomplish
specific tasks.

Figure 9

Photograph of a patient with a bilateral
transhumeral amputation wearing a prosthesis with a double
ring harness that increases available excursion by positioning
the control attachment straps lower on the scapulae.

Cable-driven components, such as the split hook, offer proprioception
through the cable and harness system because component movement and

forces are reflected to and perceived by the controlling body part.10
However, electrically powered devices provide prehension forces three to
six times greater than those experienced by users of typical voluntaryopening split hook devices.1
It is generally advisable to use two different types of prehensile
devices to provide greater grasp versatility to the bilateral upper limb
amputee. A commonly used prehensile device combination is a canted
approach hook on the dominant side and a lyre-shaped hook on the
contralateral side. The canted hook allows good visual feedback for
manipulating objects, whereas the lyre-shaped hook provides better
stability for gripping large round objects. Another successful terminal
device combination uses a canted hook on the dominant side and an
electrically powered prehensile device on the nondominant side. This
combination, which has been particularly well accepted by the amputee
with a transhumeral/shoulder disarticulation, provides the fine
manipulation capabilities of a split hook and the superior gripping forces
available with an electrically powered prehensile device.

Figure 10

Photographs of various harness systems. A, A
patient
wearing
a
harness
for
a
shoulder
disarticulation/transhumeral amputation. The transhumeral
prosthesis is entirely body powered and the shoulder
disarticulation uses hybrid control with myoelectric control of
the terminal device and body-powered control of the elbow.
Anteriorly, a single chest strap allows for independent donning
and doffing. B, A simple figure-of-8 ring harness can be used
for a transhumeral/transradial amputee when sufficient
excursion exists. C, If excursion is limited, it is advisable to use
a harness with a sewn cross point and a cross-back strap to
maximize excursion.

Figure 11

Photograph of a patient with a bilateral transradial
amputation wearing prostheses with multifunctional hands. A
variety of grip patterns can be selected to accomplish the
activities of daily living.

Voluntary-opening hooks are primarily used because they maintain
grip without the need for continued cable tension and are available in an
array of shapes, sizes, and specific patterns of prehension. In contrast,
voluntary-closing hooks have more limited use for the bilateral amputee
because of the limited number of available designs and the requirement for
either continuous cable tension or a locking mechanism to maintain grasp.
However, these hooks offer both high grip strength and excellent feedback
regarding prehensile forces.
Task-specific terminal devices with quick disconnect wrist components
should be considered for the bilateral arm amputee. One innovative
approach uses a hands-free tool exchanger that allows for automatic
release and exchange of one device for another.

Wrists
Because wrist flexion is especially helpful in body-centered activities
(such as feeding, dressing, oral and facial hygiene, and toileting), it should
be provided at least on the dominant side, if not bilaterally. Similarly, wrist
rotation is essential for effective orientation of the prehensile device.

Figure 12

The use of multiple terminal devices is routine
among bilateral prosthesis users. Photograph of a patient using
a myoelectric hand to rotate his electric hook. Mixing terminal
devices in this way provides the user with the ability to
manipulate a wider range of objects.

If a cable-actuated prehensile device is used, the range of wrist rotation
will be limited by the control cable that crosses the joint. When an electric
rotator is used in conjunction with an electric prehensile device, the
elimination of the control cable permits a rotation range greater than
360°.1 Such continuous wrist rotation can be useful for activities such as
turning a water spigot.
It is generally beneficial to use locking wrist components rather than
friction designs because bilateral amputees often find it necessary to apply
high forces through the prostheses to accomplish various tasks. When
friction devices are used, it is often necessary to adjust the friction to a
very high setting, which makes it difficult to reposition the device when
needed. Positive-locking components become a rigid extension of the body
that can maintain position under high loads and can be repositioned with
ease when unlocked.

The four-function forearm setup is a particularly useful body-powered
wrist system (Figure 13). This system has been used successfully on
transradial, transhumeral, and shoulder disarticulation prostheses.11 This
system has a common control cable to position four different bodypowered prosthetic components—the split hook, the wrist flexion unit, the
wrist rotation unit, and the elbow. The simplicity of the system allows the
same physiologic control motion to be used to position each of the four
components, thus conserving available control sources. However, the
control is sequential (only one device can be positioned at a time).
Therefore, it is not possible to produce coordinated movements involving
two or more components. User feedback suggests that the straightforward
manner of the control and the presence of proprioceptive feedback
outweigh these disadvantages.1
Midforearm flexion offers a nonanthropomorphic solution to limited
range of motion that has been particularly useful for the patient with a
short or very short transradial amputation. By placing the flexion device
more proximal in the prosthesis, a greater arc of motion is achieved at the
terminal device. This improves the ease of midline tasks. Because of the
altered line of pull, a greater amount of cable excursion is required to
activate the hook in the flexed position (Figure 14).

Elbows
The selection of the most appropriate prosthetic elbow should include
careful evaluation of weight, control options, and compatibility with the
other desired components. Body-powered elbows are lighter than
electrically powered units, but they provide considerably less live lift.
Electrically powered elbows have greater lifting capacity but are heavier
and lack the proprioceptive feedback inherent in the cable control of bodypowered elbows.1
A spring lift assist or automatic forearm balance should be considered
for all body-powered elbow fittings. These devices allow the prosthetist to
optimize and balance the force/excursion requirements of a particular
system with the abilities and needs of a particular user.

Figure 13

Photographs of the four-function forearm setup,
which allows body-powered control of wrist flexion and rotation.
A, The wrist flexion lock can be actuated by pulling against the
knee. When unlocked, the wrist is flexed by pulling on the
control cable and extended by an elastic tension band. B, The
wrist rotation feature is unlocked by depressing a lock lever
against the torso. When unlocked, cable tension causes
supination while pronation is provided by an internally mounted
coil spring.

Figure 14

Photograph of an amputee with limited elbow
range of motion. Midforearm flexion affords the necessary hook
placement for midline activities for these patients.

In patients with bilateral arm amputations who require two elbows, it is
sometimes beneficial to provide one body-powered and one electrically
powered elbow. The two elbows complement each other, with the
electrically powered device providing greater live lift capacity and the
body-powered elbow providing better positioning control.1
Elbow hinges are seldom indicated for bilateral transradial amputees.
A rarely used but effective exception is the appropriate application of stepup hinges. The disadvantages of step-up hinges include the increased force
required to flex the elbow and, depending on the residual limb length, poor
forearm cosmesis when the elbow is flexed. However, these disadvantages
are sometimes outweighed by the increased range of motion afforded by
this option. Also, a fair-lead cable housing can be used with these hinges
to supplement elbow flexion forces if there is sufficient physiologic elbow
extension strength to stabilize the flexed elbow during operation of the
terminal device. This same approach can be used for an individual who
presents with weak elbow flexion force using standard single-pivot hinges
if passive flexion range is available and there is enough extension force to
resist further flexion during operation of the terminal device (Figure 15).

Figure 15

Photograph of a man with a prosthesis with a fairlead cable, which can be used to assist elbow flexion if there is
sufficient extension force to stabilize the elbow during hook
operation.

Humeral Rotation
All internal locking elbow systems routinely used in North America, both
body-powered and electrically powered, are equipped with frictionmoderated humeral rotation. Friction control is simple and does not require
a control source for operation. However, as with the cited limitations of
friction wrists, friction control of humeral rotation may compromise the
usefulness of the prosthesis for certain tasks requiring high force.
Therefore, locking humeral rotation may be beneficial. Locking humeral
rotators may be used on body-powered as well as electrically powered
elbows.1,12 The lock is operated by a control cable that can be actuated
through a control harness in parallel with the elbow lock or by a chinactuated nudge control (Figure 16).

Shoulder Joints

The bilateral amputee who requires a prosthetic shoulder joint will benefit
from a device that locks in position for similar reasons as those described
for locking wrist and humeral components. The LTI Locking Shoulder
Joint (Liberating Technologies) provides a positive locking feature for
flexion and friction for abduction control. The lock can be operated by a
cable nudge control or with an electric actuator. The rigidity of the locked
shoulder joint allows the amputee to use the prosthesis more effectively as
an extension of the body to transmit forces through the structure of the
complete prosthesis.1 In addition, the terminal device allows overhead
operation (Figure 17).

Control Systems
Currently, the available control options in upper limb prostheses can be
divided into two basic categories—body position control and myoelectric
control. Body position control refers to the use of intact body motions and
the excursion and/or forces produced by those motions (Table 1). The
most familiar of these control options are cable-operated systems, but body
motions also are used to operate electric inputs such as switches, servos,
transducers, and force sensitive resistors (Figure 18). Alternatively,
myoelectric control makes use of the electric byproducts of voluntary
muscle contractions. As such, myoelectric control is generally independent
of joint position.

Figure 16

Locking humeral rotation allows easy positioning
of the terminal device while providing a rigid limb as needed to
resist high forces. Photograph of a man with a bilateral
shoulder disarticulation who is demonstrating the ability to bring
his terminal devices into contact with each other; this allows
bimanual manipulation.

Figure 17

Photograph showing that a locking shoulder joint
allows a patient with a bilateral shoulder disarticulation to
operate the terminal device overhead. The terminal device is
controlled by a linear transducer using shoulder elevation,
providing reliable variable speed control.

Table 1 Body Position Control Sources

It is necessary to understand the relationship between the available
control sources and the types of components that can be most effectively
controlled. Component selection should be based on a careful analysis of
which devices and control options will best serve the intended function of
the particular user.
Of critical importance to the bilateral amputee is the reliability of the
control system. A control source is reliable if every control command
results in the desired component function. Equally important, a component
should function only as a result of an intentional control command. When
a control command fails to consistently produce the desired result, the
overall usefulness of the prosthesis is greatly compromised. Therefore,
control systems that are too complicated or that rely on a marginal control
source are prone to failure. Training on use of the prosthesis is often
essential in maximizing the reliability of control. If training fails to
produce consistently reliable control function, an alternative control
method is indicated.
When controlling multiple components, control options can be further
categorized as either dedicated or sequential. Sequential control means that
two or more components will be controlled from a common source;
simultaneous control is not possible. Dedicated control assigns separate

control sources to each prosthetic component. This method provides the
user with immediate access to use of a component and, in some instances,
may support the simultaneous control of two components for the
production of coordinated movements.1,10 It is generally desirable to
devise a control scheme that provides dedicated control whenever possible.
At higher amputation levels, this poses a substantial challenge because of
the increased number of prosthetic joints that require control and the
limited number of available control sources. It is sometimes necessary to
combine sequential and dedicated control to provide the desired functions.
In these cases, the component functions that may be combined in
simultaneous useful ways should be prioritized and assigned separate
control sources (Figure 19).

Figure 18

Photographs of a single multifunctional prosthesis
worn by a patient with bilateral shoulder disarticulations,
bilateral transtibial amputations, and paraplegia. The use of a
single multifunctional prosthesis provides some independence
in self-feeding and simple object manipulation. A, The wrist
rotator, positioned at midforearm, is controlled by a chinactivated rocker switch. A wheelchair mounted bracket assists
with internal and external rotation of the humeral turntable.
Wrist flexion is achieved using a conventional flexion wrist. B,
An electric elbow is operated with a pair of force-sensing
resistors mounted anteriorly and posteriorly within the socket,
and the terminal device is controlled using contralateral
scapular abduction and a harness pull switch. Coordinated
simultaneous elbow flexion and wrist rotation are possible and
useful for self-feeding.

Figure 19

Photograph from a patient with bilateral humeral
neck amputations. A mobile residual humerus provides
excellent dedicated control of the electric terminal device using
a pair of force-sensitive resistors.

It is often advisable to provide two or more complete sets of prostheses
with different control and power sources to enable the widest variety of
functional capabilities and to provide a backup when repairs are needed.

Body-Powered Control
Cable actuation of body-powered prostheses provides users with a wealth
of proprioceptive feedback through the physiologic joints harnessed to the
prosthetic components.13 Users of these devices can readily perceive the
position and speed of movement of the prosthetic components.1 Bodypowered, cable-operated control offers many of the desirable
characteristics of the theory of control proposed by Childress based on the
work of Simpson,14,15 which states: “The most natural and most
subconscious control of a prosthesis can be achieved through use of the
body’s own joints as control inputs in which joint position corresponds
(always in a one-to-one relationship) to prosthesis position, joint velocity
corresponds to prosthesis velocity, and joint force corresponds to
prosthesis force.”
This type of control is referred to as extended physiologic

proprioception. Although implementation of extended physiologic
proprioception control is possible with electronic components,13,16-18 it
requires fast, high-performance components to produce optimal results.
Currently, such a system is not commercially available.
Because of the inherent feedback provided through the cable and
harness system, body-powered elbow control is well accepted and quite
functional if adequate force and excursion exist. Body-powered control of
an elbow affords the greatest degree of graceful and accurate positioning
of the prehensile device in space. Control can become subconscious, as has
been observed in bilateral transhumeral amputees who dynamically
incorporate use of their prostheses by gesturing with their limbs and
gracefully repositioning their elbows when speaking.
Cable efficiency is of critical importance to the success of a bodypowered fitting. Careful attention should be devoted to producing the
straightest line of pull using materials that offer the least amount of
friction.19

Myoelectric Control
In contrast to control methods that require body motions of more proximal
body segments, myoelectric control is a more natural-appearing system
because the method of controlling the prosthesis is invisible.10 It also
represents the most physiologically natural method of controlling an
electric hand. This is especially true for the transradial amputee because
control is accomplished in a physiologically natural fashion, with
myoelectric signals from the forearm flexors closing the hand and signals
from the extensors opening the hand. At this level, the harness can be
eliminated, which allows for an improved functional envelope because the
position of the prosthesis and operation of the terminal device are not
confined by straps. For more proximal amputation levels, the flexor and
extensor patterns of more proximal muscles are associated with and well
suited for the tasks of grasping and releasing objects. The transhumeral
amputee would use the biceps to close the hand and the triceps to open the
hand because a flexion pattern is closely associated with grasping and an
extensor pattern is associated with releasing.10 Childress14 described this
as the principle of myoprehension, which suggests that myoelectric control
can be somewhat naturally connected with the control of prehension. An
important disadvantage of this type of control is the lack of direct feedback
from the control system to the user regarding the position, velocity, and

force of the component controlled. Users of a myoelectric control system
must rely primarily on visual feedback as they manipulate their
environment with the prosthesis.10
Targeted muscle reinnervation (TMR) surgery has been successful in
increasing the number of useable myoelectric control sites and directly
associating them with more distal functions. With TMR, remaining nerves
in the arm are transferred to residual chest or upper arm muscles that are
no longer biomechanically functional because of limb loss. After
reinnervation, these muscles serve as biologic amplifiers of motor
commands from the transferred arm nerves and provide physiologically
appropriate electromyographic signals for control of the elbow, wrist, and
hand.20 Kuiken et al21 reported the success of TMR surgery for improving
ease of control and allowing simultaneous myoelectric control in an
amputee with a bilateral shoulder disarticulation.
Another promising technology for prosthesis control is the use of
pattern recognition with or without TMR surgery. Pattern recognition uses
multiple electrodes placed around the residual limb to record patterns of
muscle activity that are then associated with corresponding prosthetic
functions.22 Pattern recognition control systems have the potential to
provide more intuitive, direct control of multiple functions without the
need for mode selection strategies. Pattern recognition control systems
have recently become commercially available and training protocols have
been suggested.23

Hybrid Control
The selected control arrangement should impose the minimum amount of
mental stress on the user (that is, the control of the prosthesis should not be
so complicated that it becomes the primary object of the user’s attention).1
Faced with the complexity of high-level bilateral fittings, one seemingly
small change in the control strategy can cause a chain reaction of control
source interaction.1 Although hybrid components (electric combined with
body-powered) and hybrid input devices may provide the most desirable
results, these systems can be technically demanding and require that the
prosthetist have a high degree of creativity and knowledge. In the
experience of this chapter’s author, the benefits realized by the users of
hybridized systems far outweigh the technical difficulties in producing
these systems. The key to optimal design of prostheses for the bilateral
amputee is in the details, and each detail must be carefully considered to

achieve optimal results.

Figure 20

Photograph of a patient with a bilateral
transhumeral amputation using a prototype prosthesis, which is
a valuable tool in the development of an optimal prosthesis.
The well-fitted socket serves as the foundation for the
prototype, and modular construction allows for trials of various
prosthetic component and control options.

Prototype Prostheses
Given the large number of component and control options available to the
upper limb amputee, it is often advisable to set up a clinical trial of the
proposed design using a prototype prosthesis. For a patient with a higher
level arm amputation, this process can be critical to the outcome of
prosthetic rehabilitation. The availability of all component options and the
technical ability to mix and match components from different
manufacturers are critical to the success of this approach. The foundation
of the prototype prosthesis is a well-fitted interface for evaluation. A
prototype prosthesis may be used for periods of time ranging from a few
hours for very straightforward fittings to several months for challenging
cases in which several prosthetic options must be evaluated. The use of a
prototype prosthesis allows the amputee and other concerned parties to

evaluate and validate the efficacy of any particular prosthetic component
and control configuration before completion of the definitive prosthesis10
(Figure 20).

Figure 21

An opposition post can provide a simple and
robust device to enhance the function of a partial hand
amputee with one or more remaining movable digits.
Photograph of a patient with transradial/partial hand
amputations. He finds his partial hand side most useful for fine
motor tasks primarily because of the feedback provided by his
sensate thumb.

Fitting Consideration by Level
Partial Hand
In patients with one or both limbs amputated at the partial hand level, the
main prosthetic considerations are to provide effective prehension while
limiting the amount of sensate area that is covered or encumbered by the
device. Opposition posts (Figure 21), handihooks, and myoelectric
prostheses can be fitted at the partial hand level. Opposition posts are
particularly useful if a movable digit(s) remains. These devices are simple,
lightweight, and generally cover the least amount of area. Body-powered

options include wrist-driven designs for activation of fingers when
amputated at or proximal to the metacarpophalangeal joints or fingerdriven designs for partial finger amputations (Figure 22). The cable
actuated handihook will provide grasp and release for amputees who lack a
movable digit(s) (Figure 23, A and B). When fitted loosely, the user can
quickly doff the socket, leaving it attached by the control system, while
objects are manipulated using their sensate residual hand. Powered fingers
are best suited for amputations at or proximal to the metacarpophalangeal
joints. Powered fingers may be controlled with myoelectric signals or
force sensing resistors and have been successfully fitted to bilateral partial
hand amputees (Figure 23, C). Wrist motion as well as motion of any
intact fingers should be unrestricted by the prosthesis whenever possible.

Transradial Level
Body-powered hooks and myoelectric systems can be successfully fitted
for a patient with a bilateral transradial amputation. Body-powered hooks
offer fine manipulation and are robust and lightweight (Figure 24, A).
Myoelectric hands offer a good appearance with acceptable manipulative
abilities (Figure 24, B). Myoelectric hooks offer good, fine manipulation
ability, and because they have no cosmetic cover, they are better suited to
use for manual labor than myoelectric hands. Myoelectric systems are
unconstrained by the need for a harness, increasing the work envelope.
Some users find both types of prostheses useful and routinely switch
between prostheses as required by the type of activities pursued.

Figure 22

Photographs from a patient with bilateral partial
finger amputations (A) demonstrating good function with his left
hand without a prosthesis (B). C, Right hand grasp was
improved with Partial M-Finger (Liberating Technologies)
prostheses in which metacarpophalangeal flexion results in
flexion of the prosthetic fingers.

Figure 23

Clinical photographs from a patient with bilateral
partial hand amputations. A, The patient relied on the sensation
of his left hand but was unable to hold objects securely
because of the short length of the remnant digits. His right
partial hand was fitted with a body-powered handihook–type

prosthesis (B) and a powered finger prosthesis (C), allowing
stable grasp of a wide variety of objects.

Sensation is of critical concern for the transradial amputee. Exposed
skin can be desirable, especially at the longer transradial and wrist
disarticulation levels. For the blind bilateral transradial amputee, sensation
is required for function. In these patients, surgical intervention (such as a
Krukenberg procedure or a toe transfer to the forearm [Vilkki procedure])
is indicated to produce a limb with manipulative capabilities24 (Figure
25).

Figure 24

Photographs of a patient with bilateral wrist
disarticulations who was fitted with both body-powered and
myoelectric prostheses. A, Both systems allow full elbow range
of motion and retain forearm rotation. B, Electric hands provide
greater grip force and a more natural appearance than
voluntary-opening split hooks. This patient finds both sets of
prostheses valuable and can match the most appropriate
design with a particular activity.

Transhumeral Level
Body-powered systems appear to offer the best results for the patient with
a bilateral transhumeral amputation. However, electric terminal devices
and elbows provide greater forces and can be worn on the nondominant

side to complement the function of a dominant side body-powered
prosthesis. The ability to easily and securely position the prosthesis in
space becomes more critical as physiologic joints are lost. Positive locking
wrists and humeral rotators should be considered for these patients.
Because of the loss of glenohumeral rotation in the transhumeral
prosthesis, it may be beneficial for the surgeon to perform an angulation
osteotomy to enhance the useful dynamic positioning of the prosthesis in
space25 (Figure 26). Surgical lengthening using bone allograft, which
allows for improved function resulting from a longer residual limb, has
been beneficial for managing short transhumeral amputations26 (Figure
27).
As with a transradial prosthesis, independent donning of the
transhumeral prosthesis is a primary goal. Donning independence is almost
always achieved when body position control is used, but it may be
compromised when myoelectric control is used because of the need for
skin-to-electrode contact and the difficulty in donning these systems. In
the experience of this chapter’s author, nearly all bilateral arm amputees
with one or both amputations at the transhumeral level prefer a bodypowered prosthesis on the transhumeral side that incorporates a fourfunction forearm set-up over myoelectric or other hybrid control options.
Nevertheless, electric control of one or more components may be
advantageous for some individuals if the requisite force and/or excursion
for body-powered control are unavailable. New suspension/control
systems, such as those with high consistency rubber silicone suction
sockets with myoelectric interface capabilities4 and other electrically
controlled input options under development, may necessitate the
incorporation of these newer technologies into bilateral fitting practice if
they offer functional advantages for the user.

Figure 25

Photograph of a blind, bilateral transradial
amputee who underwent a Krukenberg procedure on the left
hand and a Vilkki procedure on the right hand. These
procedures provided the patient with sensate limbs with a
variety of gripping options.

Shoulder Disarticulation
When fitting a patient with a bilateral shoulder disarticulation, it is
advisable to start with as simple a prosthetic system as possible. Often,
only the dominant side is fit initially. The complexity of the control system
should be kept to a minimum, starting perhaps with only an activated
terminal device and elbow. As the patient becomes familiar with the use of
the prosthesis, wrist function can be added, followed by humeral rotation
and a locking shoulder joint. The prosthesis for the nondominant side can
be fitted after the user has gained confidence in using the dominant-side
prosthesis. Complexity on the nondominant side can be staged in a similar
fashion as used for the dominant-side prosthesis. In general, the dominantside prosthesis of the bilateral pair is configured with mechanical, cableactuated components (similar to the four-function set-up), whereas the
nondominant-side prosthesis incorporates either all-electric or hybrid
components to provide complementary functions.1 When possible, the
electric prosthesis should use dedicated variable speed control of the
prehensile device, the wrist, and the elbow.

Figure

26

Photograph of a transhumeral/shoulder
disarticulation amputee who benefited from an angulation
osteotomy on his right limb that facilitates physiologic humeral
rotation, which improves rotational stability and provides added
positioning control of the prosthesis.

Summary
Successful rehabilitation of a patient with a bilateral arm amputation is
best achieved with a team approach. Bilateral arm amputees, especially
those with high-level loss, will benefit greatly from prosthetic intervention
and other assistive technologies, including automobile modification,
communication devices, self-care devices, and nonprosthetic manipulation
devices that serve to augment the functions of the user. Each bilateral arm
amputee must be treated as a unique individual. The needs, goals, and
desires of the individual should be the focus of the rehabilitation team. The
fitting methods and philosophies presented in this chapter should serve
only as a guide for successful prosthetic rehabilitation. Variations to this
approach will be required based on the particular unique presentation of
the individual being treated and his or her expressed preferences for
particular prosthetic options.

Figure 27

Photographs of a patient with bilateral
transhumeral amputations who underwent surgical bone
lengthening with allograft on his left limb to improve function by
providing a longer lever to allow better prosthesis control and
stability. A, Because the patient had a very short left residual
limb, he was initially fitted with a prosthesis only on his
dominant right side. Photographs show the left limb after
allograft transplantation (B) and after fitting with bilateral bodypowered prostheses (C).

Experience has shown that careful attention to socket fitting, ease of
use of the control system, and minimized prosthesis weight are critical
aspects in successful rehabilitation. Proven desirable features of a
successful prosthesis are comfort, aesthetics, feedback, donning
independence, control reliability, variable speed control, and locking
joints. Clinical fitting protocol is driven by the availability of
contemporary components and the control strategies for their operation. As

new components and control schemes emerge, they should be objectively
evaluated. New possibilities should be explored in the light of what is
possible and should not be limited by what has previously been done.
Despite the many shortcomings of state-of-the-art arm prostheses, bilateral
amputees often make good use of these tools as they strive to achieve
functional independence.
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Chapter 25

Upper Limb Provisional
Prostheses
Chris Lake, L/CPO, FAAOP

Abstract
Although it is not a new concept, the regular and thoughtful use of
provisional prostheses (also described as trial and preparatory prostheses)
can enhance meaningful prosthetic use, reduce the likelihood of rejection,
and place the individual with an upper limb amputation in the center of the
prosthetic care model. The information gleaned from the fitting stage
presents a clearer prediction of the eventual prosthetic outcome. The
expanding and increasingly complex choices of prosthetic components
coupled with the increased desire by third-party payers for assurances that
the recommended course of treatment will be successful have made
provisional fittings increasingly more important. The provisional fitting can
form the basis for a case-specific outcome-based protocol that will provide
that evidence.

Keywords: improved clinical upper limb prosthetic outcomes;
preparatory upper limb prosthesis; provisional prosthesis; trial
upper limb prosthesis; upper limb amputee
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Introduction
Powerful clinical tools are available to the prosthetist. Although it is not a
new concept, regular and thoughtful use of one of these tools–provisional
prostheses–can enhance meaningful use of prosthetic devices, reduce the
likelihood of rejection, and place the individual with an upper limb
amputation in the center of the care model. The fitting stages of the

provisional prosthesis allow the prosthetist to verify that the correct course
of treatment is being pursued to provide optimal care for a given patient.
The information gleaned through these processes creates a clearer
prediction of the eventual prosthetic outcome.

Terminology
The term provisional prosthesis has variable applications. In some
instances, it is synonymous with a preparatory prosthesis, a prosthesis
designed to withstand early prosthetic endeavors for an extended period of
time while allowing the prosthetist to closely monitor the maturation
process of the residual limb.1 In this preparatory phase, a provisional
prosthesis allows verification and fine-tuning of prosthetic
recommendations and increases the likelihood of a successful outcome
through a patient-centered approach, consistent prosthetic attention, and
adaptations to long-term residual limb response that can result in a better
and more comfortable fit.
Alternatively, the same term can be applied to a trial prosthesis, which
is intended to allow testing of the performance, qualities, and/or suitability
of a specific prosthetic design and/or component for an individual with a
legacy upper limb amputation.2 In this application, a provisional prosthesis
used in the early stages of a new course of prosthetic management can
provide case-specific evidence to support or dispute a particular prosthetic
recommendation and can be a strong predictor of longer-term outcomes.
The information provided can help members of the rehabilitation team,
including the referring physician, prosthetist, and therapist, to
meaningfully and productively adjust the course of prosthetic management
at an early point in the process.
Whether used during the early preparatory phase of prosthetic
rehabilitation or as a diagnostic trial device when exploring a new
prosthetic design variation, provisional prostheses determine an
individual’s general candidacy for a definitive upper limb prosthesis, serve
as case-specific evidence to evaluate prosthetic recommendations, and
provide evidence-based support to justify third-party payer authorization
of the expenses associated with definitive prosthetic care.

Rationale

The use of provisional prostheses in lower limb prosthetic management
dates back to the 1930s.3 In contrast, the use of upper limb provisional
prostheses is more recent, with the bulk of the literature emerging in the
late 1980s and early 1990s.1,2,4 The functional assessment of upper limb
prostheses is challenging, requiring an analysis of the suitability of the
device in vocational requirements, avocational interests, familial
relationships, and basic activities of daily living. The elements of a
satisfactory outcome are unique for every individual and depend on
attaining a complex array of upper limb functions and appearances. As
such, a thorough assessment of the prosthesis may require usage outside of
the prosthetic facility in the user’s native environment. Provisional
prostheses facilitate this type of assessment.
Table 1 Critical Elements of Patient-centered Upper Limb
Prosthetic Care

Provisional prostheses can improve the quality of upper limb prosthetic
care by helping to generate objective and quantifiable information that
leads to case-specific, evidence-based recommendations.5 A trial fitting is
a practical alternative in assessing intangible variables such as patient
motivation, body image, and expectations. Measurable criteria, including
skin condition, weight tolerance, upper limb strength, and the signal
strength of targeted remnant muscles, also can be assessed. These and
other variables are better assessed when the user/patient can actually
experience the benefits and drawbacks of a prosthesis rather than
speculating about its value.4 Provisional fittings can help determine the
optimal prosthetic solutions for an individual amputee through the
assessment of various components. As the residual limb matures, the
transparent socket-frame interface of a provisional fitting gives clinicians a
clear view of the evolving dynamics of the limb-prosthesis interface; thus,
meaningful and effective adjustments are easier to accomplish at an earlier
stage.2 Planning and fitting a provisional prosthesis also make the user the
focus of a patient-centered approach, with his or her values and needs

integrated into the process6-9 (Table 1). The likelihood of clinical success
increases when users are actively involved in decision-making
processes.10 Meier and Atkins11 emphasized the necessity of allowing
amputees to make decisions regarding their lives and needs.

Clinical Application
Although the early course of provisional prosthetic care focuses on
determining the general candidacy of the patient for upper limb prosthetic
management, subsequent adjustments and prostheses focus on ensuring
continued success while carefully monitoring the patient as his or her
residual limb matures and/or responds to prosthetic care. During these
processes, patients are able to evaluate and determine the most appropriate
components to address their specific needs. In addition, the prosthetist can
address the immediate soft-tissue response as edema subsides in the
residual limb. As usage continues, the customary long-term tissue response
of overall residual limb atrophy with regional muscle hypertrophy and
global edema reduction may require repeated adjustments of the prosthesis
to allow uninterrupted function. Electrodes, for example, may need to be
relocated as the remnant muscles become more conditioned to prosthetic
use. Similarly, adjustments to the prosthetic suspension system are
frequently indicated. The adaptable design considerations that characterize
these fittings reduce the lag time between fit issues and appropriate
adjustments. This creates a state of flow between the patient and the
clinician and can engender energy and excitement about the gains being
made while fostering a deeper patient commitment to the prosthetic course
of treatment.

Figure 1

Photograph of a provisional prosthesis with flexible
inner sockets and fiberglass casting tape frames. Heavy-duty
mailing tubes help provide support for the casting process.

Fitting and Component Considerations
The components used for provisional prostheses are generally the same as
those used in definitive prosthetic management. In trial applications, some
of these components may be rented (for long-term assessment) or loaned
(for short-term or in-office trials) from various manufacturers. In
preparatory applications, components are generally definitively obtained.
Most importantly, a provisional prosthesis must be adjustable so that the
clinician can keep pace with the changes of the dynamic residual limb.
Thus, provisional and definitive prostheses may differ in construction
techniques and preparation of components.

Figure 2

The need for visual inspection associated with
provisional prostheses for long-term use require transparent
thermoplastics. Inner sockets and outer frames can be
fabricated with traditional fabrication procedures. Photograph of
a transparent provisional prosthesis.

Given the expeditious nature of provisional fittings, the use of flexible
thermoplastics for inner sockets is generally preferred. For temporary
applications, alignment can be approximated using heavy-duty cardboard
tubing, which is then covered by fiberglass casting tape (Figure 1). The
patient’s skin and surroundings are protected from the rough finish of the
fiberglass by applying a self-adhering, thin, elastic support wrap to the
outside of the provisional device. Fiberglass casting tape usually suffices
for trial frames because of the expected short-term duration of use. In
contrast, some provisional prostheses need to provide long-term ease in
adjustment and inspection. For this role, transparent thermoplastic is a
better frame material (Figure 2).
Provisional prostheses should be easily adjustable without affecting the
continuity of prosthetic usage. The socket interfaces and frames should be
adjusted and/or re-formed on site so the patient has continued access to
prosthesis use. This is accomplished by forming inner sockets from
materials that can be re-formed on modified models (Figure 3). When
necessary, frames and some inner sockets can be drape molded with a
nonadhering seam that allows them to be spread open on the model for
easy removal and reapplication (Figure 4). This technique also maintains
the original model of the socket interface and/or frame so the clinician can
go back to the original model and make changes as appropriate. If
preservation of the positive model throughout the fabrication process is
questionable, a bivalve thermoplastic duplication should be made,
preferably of clear check socket material (Figure 5).

Alignment and Residual Limb Considerations
Provisional fittings have many benefits, with alignment of the prosthesis
and residual limb response being the most evident. Alignment includes not
only the angle at which a terminal device or other components are oriented
in relationship to the socket but also the placement of the components and
features throughout the prosthetic space. Alignment and residual limb

considerations are relevant in all types of prostheses.

Passive Prostheses
The provisional passive prosthesis helps define the placement and
specifications of component alignment as well as the length of the
prosthesis. Many times, an individual who requests a passive prosthesis is
sensitive to prosthetic weight. With a provisional prosthesis, the length and
the alignment angle can be investigated and fine-tuned before definitive
fabrication to provide the lightest perceived weight. Also, the
pronation/supination angle can be more readily defined. For individuals
who will not be using a friction- or flexible-type of wrist unit, this
particular rotational alignment is critical. With a proper
pronation/supination angle, the passive prosthesis evolves from a device
that is aesthetic in nature to one that is a functional assistive tool for the
individual’s sound-side arm.

Figure 3

Photographs demonstrating remodeling of flexible
inner sockets. A, The test socket is placed on the positive
model. The area to be modified is indicated by the circle. B,
The positive model is reduced as appropriate. C, The test
socket is placed back on the model and the rectified area
(circle) is inspected. D, The test socket is heated in the area
that will be re-formed. Baby powder is sprinkled on the heated
plastic to keep the thermoforming nylon and vacuum bag from
melting and/or sticking to the hot plastic. E, Thermoforming
nylon is placed over the model and tied off to influence a
vacuum over the entire model. F, A vacuum bag is placed over
the positive model and tied off accordingly. G, The vacuum bag
is pulled on the model and the model is allowed to cool
appropriately. H, The vacuum bag and nylon are removed and
the modified area (circle) is inspected to verify that the desired

results have been achieved.

Figure 4

Inner socket and frames can be drape molded with
a nonadhering seam. Because the protective film remains on
the material when heating, the material is not welded together.
Photograph of a frame that can be spread open on a model to
allow easy removal and reapplication.

Figure 5

Photograph of a bivalve thermoplastic duplication
made by thermoforming two sheets of clear check socket
material around a positive model. Because the protective film
remains on the material when heating, the two sections are
removable and not welded together.

Body-Powered Prostheses
The fitting of a provisional body-powered prosthesis will allow evaluation
of long-term tissue loading with terminal device actuation. As an
individual uses a body-powered prosthesis, his or her residual limb will
adapt to these forces. As tissues in the middle and proximal parts of the
residual limb begin to atrophy under loading, more pressure will be

realized at the distal end. A translucent, provisional prosthesis allows
observation and adjustment of these tissue changes in a precise and
efficient manner.
This stage of prosthetic management also permits a thorough
investigation of different cable routing methods and reaction forces and
helps to ensure the most energy-efficient and biomechanically stable
transition to a definitive body-powered prosthesis. In addition, the location
and orientation of mechanical release levers, such as those encountered in
quick-disconnect wrist units and remote elbow and shoulder locking
mechanisms, can be refined to the user’s preferences. Segment lengths and
mechanical joint positions and alignments also can be experienced and
refined during the provisional stage.

Externally Powered Provisional Prostheses
Provisional fitting of an externally powered prosthesis provides benefits in
component selection, alignment, and placement. These aspects set the
starting point for the functionality and perceived weight of the prosthesis.
An extended course of use with a provisional prosthesis also allows the
clinician to monitor the muscular changes and soft-tissue responses in the
residual limb. The prosthetic socket acts as the foundation of the prosthesis
and can be undermined by residual limb atrophy and/or hypertrophic
muscular response. The dynamic residual limb by its nature requires
continued adjustment of the more static socket. The clinician should
expect this interplay between the evolving human limb and the adjustable
man-made interface to continue for an extended time. For best results, this
intensive adjustment stage should be maintained until the patient’s residual
limb size has remained stable with continued use of the prosthesis.
The clinician also should be observant of electrode positioning. As the
residual limb matures with myoelectric prosthesis use, the residual muscle
becomes more toned, and optimal myosite positioning can change. Over
time, the patient should become more adept at maintaining myosignals,
and the residual muscles will likely strengthen at different rates. The
patient should be educated on how the prosthesis should react so that he or
she can identify myosite imbalance and the need for adjustments.
Educating patients provides them with confidence and a feeling of control.
Along with electrode position and contact, the location of any additional
electrical switches can be refined as needed. As with body-powered
devices, segment lengths and mechanical joint positions and alignments

can be experienced and refined during the provisional stage.

Figure 6

Photographs of task-specific upper limb provisional
(A) and definitive (B) prostheses.

Hybrid Provisional Prostheses
The fitting of a provisional prosthesis is of particular value with hybrid
prostheses. Most hybrid prostheses combine a body-powered elbow with
an externally powered hand (and sometimes an externally powered wrist);
therefore, provisional fittings can offer several unique benefits. For
example, the clinician can make better decisions regarding placement of
the battery and the charging hardware. Placing this hardware proximal to
the elbow will lower the perceived weight of the prosthesis. This perceived
weight can be further reduced by positioning the elbow joint more
proximally.
A provisional prosthesis also allows patients to experience the nuances
of different component placements so they can decide what is best for their
particular circumstances. For example, placing the elbow joint in a slightly
more superior position than the anatomic elbow joint on the sound side

will usually result in more natural bilateral function in a seated position.
The carrying angle of the elbow and flexion-extension angle of the
prosthesis are also considered during this phase.

Task-Specific Provisional Prostheses
As the name implies, a task-specific provisional prosthesis has a very
defined design and provides the opportunity to assess different designs for
individualized tasks such as swimming, participating in specific sports
(such as basketball or golf), and customized vocational applications. For
example, a task-specific provisional prosthesis was fabricated for a patient
with a partial hand amputation that entailed resection of digits two, three,
four, and five at the proximal metacarpal region and preservation of an
intact thumb with very limited motion (Figure 6). To return to work as a
tank fabricator, the patient had to be capable of safely handling large
sheets of metal and operating hydraulic presses to shape the metal.
Through the defined provisional stage, a prosthesis was created with a
quick-disconnect wrist that attached to a voluntary opening hook with
adjustable tension and a range of common and job-specific tools (Figure
7). Although the patient’s thumb had limited motion, he was able to
generate approximately 2 pounds of pinch force against a well-positioned
opposition post. This feature allowed him to handle paperwork and
perform other fine pinch tasks in which his limited thumb force and
sensation were still beneficial.

Figure 7

Photograph of terminal devices that can be used
with a quick-disconnect adapter or have a built-in adapter (third

device from the left). The two devices on the left were used for
the patient in Figure 6. The Quick Disconnect Myo-Electric
Wrist Adapter (Texas Assistive Devices) is shown in the
foreground. These types of adapters permit assessment of
multiple prosthetic options through a common interface-frame
assembly, and they essentially allow a provisional prosthesis to
function as several separate devices.

Summary
An individual’s meaningful use of a prosthesis can be enhanced with an
accurately executed course of provisional prosthetic management.
Variables, including patient motivation, body image, sound-side influence,
electromyographic strength and endurance, and weight tolerance, cannot
be accurately assessed without the individual’s experience and practical
use of the recommended prosthetic designs.
Upper limb prosthetic management can occur as a process with several
phases that allows assessments and revisions to the recommended
prosthetic course. Changes should be made in provisional prostheses based
on the patient’s feedback and experiences to ensure that the definitive
prosthesis will provide a good outcome that combines comfort, ease of
use, and function.
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Abstract
High consistency rubber silicone as an upper limb socket material is
beneficial for use at all amputation levels. This material increases comfort,
provides auxiliary suspension through suction, and improves range of motion
because of its elasticity.
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Introduction
Silicone is a synthetic chemical compound made from the commonly
occurring element silicon. It has been used as an interface material in
prosthetic sockets for the past several decades. The material characteristics
of silicone are conducive to optimal outcomes, including its high tensile
strength, low compression set (ability to return to its original shape after
being compressed for a period of time), and high tear resistance.1 Silicone
offers good biocompatibility and is characterized as nontoxic and
biologically inert. In addition, silicone does not support bacterial or fungal
growth.1
In the field of prosthetics, the most traditionally familiar use of silicone
as an interface material is the manufacture of roll-on liners. Such liners are
generally made using liquid silicone rubber. Another type of silicone, high
consistency rubber (HCR) silicone, is used as a socket material.

Unique among materials routinely used for prosthetic interfaces,
silicone is an elastic material that can be stretched to several times its size
and still return to its original dimension. Elasticity coupled with flexibility
help improve range of motion and reduce edge pressure, resulting in
greater comfort and functionality for patients. This improves functional
outcomes by allowing a patient to wear his or her prosthesis for longer
periods and with greater comfort and increased range of motion.2

High Consistency Rubber Silicone
Fabrication Processes and Variants
HCR silicone interfaces are made by applying uncured silicone, a clay-like
material, to a dehydrated plaster model. The HCR silicone is prepared by
adding an appropriate percentage of catalyst and/or inhibitor. Although
HCR silicone check sockets are typically unpigmented and remain
transparent for diagnostic fittings, definitive sockets can have custom
pigmentation to match the patient’s skin or another desired color. A tworoll mill is used to mix the ingredients and make a sheet of silicone
(Figure 1). The thickness of the silicone is controlled with the bite or
spacing between the rollers. Successive layers of silicone can be added
between sequential periods of oven curing to create channels for wires, to
embed electrodes, or for the application of zippers. The shore, or hardness,
of silicone can be used to vary the elasticity of a socket, with a midshore
silicone most often used. Because silicone interfaces that have lower, more
elastic shores do not retain their shape as well as those with higher shores
and have decreased tear strength, silicone materials with lower shore
measurements are usually applied only in selected areas.

Figure 1

Photograph of a two-roll mill used to mix the
components of silicone and control the thickness.

In addition to the comfort properties of silicone, another crucial
advantage of the material is its versatility in design. If the patient has a
residual limb with a bulbous distal end, a zipper can be added in the
silicone interface to aid in donning and doffing the prosthesis.3 Anchors
can be embedded to attach to supportive frames or straps. The thickness of
the silicone can be selectively varied, and gel pads can be sandwiched
between layers of silicone to provide additional padding and protection for
especially sensitive or scarred areas. In an electronic prosthesis, necessary
components such as electrodes, batteries, switches, and charge ports can be
embedded into the silicone. In areas where greater elasticity is desired,
such as the olecranon in a patient with a transradial amputation, the
silicone can be made thinner or with a lower shore to allow increased
stretching with elbow flexion.

Figure 2

For heavy-duty use, silicone can be an option if the
forces are transmitted through a component other than the
anchors attaching the silicone to its frame. Photograph of a
patient using a prosthesis with an adjustable suspension
system. The posterior aspect of the frame has a window to
allow for donning. The posterior side was chosen because the
anterior aspect is important for loading.

Clinical Considerations
The high adhesion of HCR silicone to the skin renders it an ideal interface
material. Because there is little shift in the socket relative to the skin,
problems associated with shear forces and compromised suspensions are
reduced. To don a silicone socket, a pull sock can be used or a lubricant
liberally applied to the patient’s skin. A lubricant that is especially
slippery, such as Cal-Stat Plus Antiseptic Handrub with Enhanced
Emollients (Steris Healthcare), is preferred in this type of application.
Importantly, lubricants or lotions with added fragrances should be avoided
because they can cause skin irritation and rashes. If irritation occurs, the
silicone interface can be sanitized by placing it in boiling water. Regular

cleaning of HCR silicone can be accomplished with soap and water or
isopropyl alcohol.

Figure 3

Photograph of a check socket fitting with
unpigmented high consistency rubber silicone as the interface.
The components are set up and attached to simulate the final
product.

Normal HCR silicone interface construction allows for medium-duty
use; however, if heavy-duty use is desired, special modifications can be
performed to ensure that forces are applied to a more rigid external frame
rather than the silicone itself (Figure 2). Maximizing the surface contact
area between the silicone and the frame can be accomplished by gluing the
two together.
For most prostheses, a check socket is fitted first (Figure 3). After the
desired volume, range of motion, suspension, and functionality are
achieved within the design, a definitive prosthesis is made. In contrast to
some commonly used socket materials, it is very difficult to adjust the
volume of a silicone socket, and it is best indicated for volumetrically
stable limbs.

Primary Socket and Suspension Approaches

Limb Protectors
In some instances, a silicone interface serves solely as a limb protector.
The patient may choose to wear such an interface to protect a limb that is
either especially sensitive or insensate. The patient may wear the silicone
interface for special activities or use it for improved comfort during sleep.
Using a check socket as a limb protector is a good use of a device that
otherwise might be discarded when the definitive socket is fabricated and
delivered (Figure 4).

Fingertip Amputations
Many patients who play musical instruments desire an extension of the
amputated digit to resume playing. Providing an extension made of
silicone has proven useful for patients who play instruments such as the
guitar and piano. Typically, a flexion angle of approximately 45° has been
found to be desirable in allowing the finger to apply pressure to the strings
or keys. A length similar to the anatomic finger is created for the
extension, and suspension is provided by suction (Figure 5).

Figure 4

Photograph of a limb protector fabricated for a
patient with an insensate upper limb who works as a chef. It
provides protection as well as a textured posterior surface to
provide a gripping surface for manipulating objects.

Partial Finger and Partial Hand Prostheses
HCR silicone has been used for various custom and use-specific prostheses
(for example, allowing a drummer to hold a drumstick [Figure 6] or a
carpenter to hold a hammer [Figure 7]). In addition, body-powered
prostheses using M-fingers and partial M-fingers use HCR silicone in the
contact areas with the skin (Figure 8). Silicone also has been used
routinely for externally powered finger prostheses because it protects the
often scarred residual limb and can be trimmed away at the wrist to allow
for range of motion (Figure 9). In such applications, a forearm section can
be fabricated to house the batteries; the switch; and the electrodes, with
channels in the silicone going to the motors. Zippers in the forearm section
can be used to provide access to a pouch housing the components and can
open to make it easier to don and doff the prosthesis (Figure 10).

Thumbs and Opposition Posts
The thumb is the most important finger because it represents 40% of hand
function and provides opposition to the remaining fingers.4 In addition to
its traditional use in aesthetic prostheses, silicone is used in opposition
posts and in conjunction with simple mechanical thumbs (Figures 11 and
12).

Figure 5

Photograph of a silicone finger extension that is
helpful in playing the guitar.

Figure 6

Photograph of a custom prosthesis that allows a
drummer to hold a drum stick. The prosthesis grasps the stick
yet allows flexibility for percussion.

Figure 7

Photograph of a partial hand prosthesis designed
for grasping tools with handles, such as a hammer.

Figure 8

Photograph of a partial M-finger prosthesis, with a
silicone suction socket with a prepreg carbon frame.

Wrist Disarticulation
Silicone prostheses for wrist disarticulation have the advantages of
providing suction suspension and allowing retention of residual pronation
and supination.5 Because the silicone brim is flexible, it does not impinge
on the epicondyles, and range of motion can be maximized (Figure 13). If
the residual limb is bulbous, an air expulsion valve with a carbon frame
can be added at the distal end to make donning and doffing easier. Another
option for a bulbous distal end is to create an air space between the inner
silicone socket and external frame to allow the silicone to expand as the
styloids pass through. Alternatively, a zipper can be added to simplify
donning and doffing if suction suspension of the prosthesis is not required.

Figure 9

Photograph of an externally powered finger
prosthesis with a silicone check socket. The wrist area is
exposed to allow free range of motion.

Figure 10

Photograph of a definitive, battery-powered finger
prosthesis with embedded batteries, myoelectrodes, an on/off
switch, a charge port, and channels for wires. A zipper in the
forearm section allows for ease in donning and doffing the
prosthesis, and embedded anchors in the silicone hand shell
are used to screw to the frame. A space is present where the
intact fifth digit exits the silicone. The silicone is pigmented to
match the patient’s skin tone.

Figure 11

Photograph showing the use of silicone for the
oppositional post for a missing first digit.

Figure 12

Photograph of an M-thumb prosthesis for use by
a patient with a missing thumb but in whom digits 2 to 5 are
present. A zipper was added to make it easier to don and doff
the prosthesis.

Transradial Sockets
HCR silicone has been successfully integrated into passive, body-powered,
and externally powered transradial socket designs (Figure 14). Compared
with more rigid socket materials, the enhanced comfort provided by
silicone is especially important for individuals with an amputation at the
transradial level. The use of silicone is compatible with traditional
supracondylar socket designs, but the softer properties of silicone may
alleviate the discomfort commonly experienced in the epicondylar area
because the epicondyles are no longer compressed as they pass between
rigid socket materials. In addition, the elastic properties of silicone permit
increased range of motion at the antecubital fold and olecranon. At the
antecubital fold, the rigid forearm shell can be trimmed distal to the fold to
permit stretching the silicone and allow for tissue expansion (Figure 15,
A). At the olecranon, this elastic accommodation can be facilitated by
either creating space between the silicone and the rigid forearm shell or by
creating a window over the olecranon as described by Sauter et al6 (Figure
15, B).

Transradial Socket With Integrated Humeral Sleeve
The use of silicone has created a new transradial socket design in which
the interface can extend proximally into an integrated humeral sleeve
(Figure 16). Although all lengths of transradial sockets have been fitted

successfully, this can be especially useful on a very short residual limb
where suspension is either difficult or very restrictive. The silicone of the
sleeve itself is fabricated to be thinner than that of the socket to allow
greater elbow range of motion, and the sleeve can be rolled down for
donning. To don, the patient can spray the outside of the sleeve with
alcohol to make it easier to reflect over the socket, push his or her
lubricated limb into the socket, and roll the sleeve up onto the humeral
section of the arm.

Transhumeral Prostheses
As with other levels of amputation, silicone sockets can be custom
fabricated for a passive, a body-powered, or an electric transhumeral
prosthesis. The elasticity of HCR silicone sockets is especially beneficial
for elbow disarticulations and transhumeral level amputations when partial
or full suction suspension is used. The elasticity allows the socket to be
made slightly undersized, requiring the material to stretch during donning.
This helps maintain contact between the silicone and skin as the user
moves the prosthesis during activities. A donning sleeve can be used for
pulling the residual limb into the socket, and a distal one-way air valve can
be added in the silicone interface. In such instances, a reinforcing prepreg
carbon frame is required to create a stable platform for securing the twopiece valve. Because the carbon frame is bonded to the silicone socket
over its entire surface, it also prevents the flexible silicone around the
distal end from inverting because of distraction forces created by the
weight of the prosthesis (Figure 17).
Suspension of an HCR silicone transhumeral prosthesis can be
achieved through a pin system, a harness, or suction (Figure 18). The
flexibility and comfort provided around the shoulder area make silicone a
choice material for transhumeral prostheses. With a Sauter integrated
shoulder saddle modification, the silicone stays in contact with the
individual’s skin as he or she moves, and it does not bulge under clothing7
(Figures 18, C and 19).

Shoulder Disarticulations
When applied to a shoulder disarticulation prosthesis, HCR silicone
provides a comfortable interface next to the patient’s skin and reduces
edge pressure from the frame.6,8 The silicone extends slightly beyond the
trim lines of the frame and makes moving and bending more comfortable.

A thoracic pad made of silicone can be added to the harness to make a
more comfortable and hygienic option compared to a cloth webbing or
elastic strap (Figure 20). Some patients prefer the silicone thoracic pad
because it organizes the straps and makes donning easier.

Figure 13

Clinical photographs of a patient with a silicone
prosthesis after a wrist disarticulation. The prosthesis allows
elbow range of motion in extension and flexion. Neither
pronation (A) nor supination (B) is limited by the material.

Figure 14

Clinical photographs of patients fitted with silicone
sockets after transradial amputations. A passive prosthesis (A),
body-powered prosthesis (B), and total silicone myoelectric
system (C).

Figure 15 A and B, Photographs of prostheses with areas of
silicone exposed from the frame in areas where elasticity is
desired. This allows the silicone to stretch as the limb changes
shape relative to the joint position.

Figure 16

Clinical photograph of a patient with a transradial
socket with an integrated humeral sleeve that provides
additional suspension and security.

Figure 17

Photograph of a transhumeral silicone socket with
a suction valve that is supported by a carbon frame.

Figure 18

Photographs of transhumeral silicone sockets
suspended via a pin (A), a harness (B), and suction (C).

Figure 19

Clinical photograph of a patient with a prosthesis
with a silicone socket and a silicone shoulder saddle. The use
of silicone is especially advantageous for this patient because
of severe scarring. Silicone gel is embedded in the saddle at
the clavicle.

Figure 20 A, Clinical photograph of a patient with a shoulder
disarticulation wearing a silicone thoracic pad. The pads are
comfortable and hygienic and help to organize the straps (B).

Summary
The use of HCR silicone can facilitate prosthetic sockets in being more
comfortable, having better range of motion, and improving suspension and
functionality. These interfaces are beneficial to the skin because of good
adhesion, biocompatibility, and resistance to bacterial and fungal growth.
The elastic properties of HCR silicone, as well as its allowance for varied
thicknesses and ability to have various components embedded with the
interface, permit HCR socket designs to address many of the challenges
encountered when fitting an upper limb amputee or a patient with an upper
limb deficiency.
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Targeted Muscle
Reinnervation for Prosthetic
Control and Treatment of
Neuroma Pain
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Abstract
Targeted muscle reinnervation is a surgical procedure that transfers nerve
endings to the motor nerve of a nearby muscle. After neurotization, the
muscle acts as a biologic amplifier of the information still contained within
the amputated nerve. The electromyographic signals provide intuitive control
of myoelectric prostheses. In addition, providing a function for these nerves
may be an optimal strategy for the treatment of chronic, local pain caused by
postamputation neuromas.
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Introduction
Refinements in amputation techniques throughout the 20th century led to
great improvement in the durability and functionality of the residual limb.
Strategies for controlling the prosthesis primarily remained the
responsibility of the prosthetist. However, continuing improvements in the
capabilities of myoelectric prosthetic devices have led to the need for an

improved control strategy. In 1995, Kuiken et al1 found that an amputated
rat nerve transferred into a nearby denervated muscle produced a
transcutaneously
detectable
electromyographic
(EMG)
signal
corresponding to the transferred nerve. This finding led to the use of the
targeted muscle reinnervation (TMR) technique in humans. The use of
TMR was reported in 2004 in a patient with a shoulder disarticulation and
subsequently in patients with transhumeral amputation.2-6 TMR was found
to bridge the gap between prosthetic capability and control. The TMR
surgical procedure effectively salvages and amplifies information
contained in motor nerve endings that had been rendered functionless by
major limb amputation.
The TMR technique is best characterized as a series of nerve transfers
between the amputated brachial nerves and muscle targets within the
residual limb or chest wall. After successful neurotization, the target
muscles produce myoelectric activity that is easily detected by surface
electrodes and can be harnessed to control the function of a prosthesis.
Importantly, TMR enables intuitive pairing between a transferred nerve’s
myoelectric signal and prosthetic functions that correspond to the nerve’s
premorbid function (for example, a median nerve signal for closing the
hand).
TMR represents a dramatic improvement over both body-powered and
conventional myoelectric prostheses, in which control signals are provided
by muscles that are at best indirectly related to the prosthetic functions
they control. The intuitive pairing provided by TMR greatly reduces the
duration and difficulty of a patient’s early prosthetic rehabilitation.7 By
increasing the number and variety of available control signals, TMR offers
the potential for simultaneous functionality of prosthetic hands, wrists, and
elbows with multiple degrees of freedom.

Surgical Planning for TMR in the Upper Limb
The TMR procedure was designed to create control sites for the following
four basic prosthetic functions in a patient with an upper limb amputation:
elbow flexion, elbow extension, hand opening, and hand closing. If
possible, the surgeon should create additional control sites to allow greater
wrist and hand control as well as the potential benefits offered by
advanced control algorithms. The number of control sites can be
maximized by splitting residual limb muscles into separate segments based

on neurovascular anatomy.
The most important considerations in planning a TMR procedure are
the length of the amputated nerves and the availability of the residual limb
or chest wall muscle targets. The amputation level is defined by the
presence or absence of recipient muscle motor entry points rather than by
conventional skeletal levels. All upper limb amputations can be
categorized at three basic levels (transradial, transhumeral, and shoulder
disarticulation), which span the six commonly described skeletal
amputation levels (Figure 1).

Figure 1

Schematic drawing comparing targeted muscle
reinnervation (TMR) and skeletal amputation levels in the upper
limb. The TMR level is dictated by the availability of recipient
motor nerve entry points (black dots).

Amputation at the middle to distal forearm (the transradial level)
leaves remnant forearm muscles with intact median, ulnar, and radial nerve
motor entry points. As a result, intuitive control of a myoelectric prosthesis
is possible without the need for nerve transfers. Intrinsic ulnar and median

nerve function is lost at this level, but can be regained through TMR.
However, the currently available commercial prostheses do not offer the
digital dexterity and fine control mechanisms necessary to capitalize on the
neural information salvaged through distal ulnar and median nerve
transfers. Consequently, the principal indication for TMR at this level is to
manage symptomatic end neuromas.
In an amputation between the proximal forearm and the proximal
humerus, the forearm motor points responsible for native hand and wrist
control are lost, but the upper arm motor points responsible for elbow
function remain intact. TMR at this level is called transhumeral even
though the elbow joint may be present and functional. Nerve transfers at
the transhumeral level seek to restore functions previously controlled by
the median, ulnar, and distal radial–posterior interosseous nerves, while
preserving elbow function provided by the intact musculocutaneous and
proximal radial nerves.
At the shoulder disarticulation level, the upper arm motor points of the
musculocutaneous and radial nerves have been removed. The proximal
humerus and the shoulder joint may be present, but the remnant biceps and
triceps lack the potential for reinnervation. The musculocutaneous,
median, radial, and ulnar nerves all should be transferred. The pectoralis
major, pectoralis minor, and latissimus dorsi most commonly are used as
nerve transfer recipients.

Transhumeral TMR
General Considerations
At the transhumeral level, TMR may be indicated if the patient has
unsatisfactory prosthetic function with the use of a standard, bodypowered myoelectric or hybrid system despite adequate training. The
optimal candidate is vibrant, in good health, and has adequate capacity for
nerve healing. Although there is no specific age cutoff, younger patients
often have more capacity for nerve regeneration. On physical examination,
the amputee has strong biceps and triceps contractions and has a long
residual limb with supple soft tissue. A patient with bilateral amputation
may benefit from unilateral TMR surgery to enhance dexterity, with bodypowered prosthesis use retained for the contralateral limb to allow robust
activity. Patients with an amputation resulting from an avulsion
mechanism should be screened to rule out a brachial plexopathy, because

proximal damage to potential donor nerves precludes successful
reinnervation. Brachial plexopathies can be difficult to diagnose clinically
if the forearm and hand have been amputated. Clinically detectable
pectoralis and latissimus muscle contractions are useful markers of
brachial plexus function but cannot entirely rule out the presence of a
partial brachial plexus injury. TMR can be done only with transected
donor nerves that retain cortical control, and this critical element is lacking
if the patient has a severe proximal brachial plexopathy.
The presence of a long residual limb is important for mechanical
advantage and fitting of the prosthesis. Typically, the level of the donor
nerve injury is relatively distal in a long residual limb. The nerve,
therefore, can be aggressively trimmed back to visualize healthy-appearing
fascicles before transfer to the more proximal motor entry point. In
addition, the brachialis muscle and its motor entry points frequently are
preserved in a long transhumeral amputation. This muscle can be used to
provide a wrist control signal after reinnervation by the ulnar nerve. In a
short transhumeral bone amputation, brachialis muscle sufficient for
reinnervation typically is lacking, and it is often challenging to trim and
mobilize the donor nerves without creating undue tension at the coaptation
site. Supple, soft-tissue coverage is essential because it is difficult to
obtain a wide dissection if the limb is scarred by skin grafts or heterotopic
ossification.
The preoperative workup is straightforward. Radiographs should be
obtained to assess limb length and the extent of heterotopic ossification.
Earlier surgical reports should be obtained. On physical examination, the
level and location of the median, ulnar, and radial nerves are determined
by evaluating the Tinel sign relative to the residual bone. The Tinel sign is
identified at or proximal to the level of nerve injury. Thus, a Tinel sign
close to the end of the residual limb suggests the presence of a relatively
long healthy donor nerve. Native innervation of the remnant biceps and
triceps muscles is confirmed by visualization and palpation during
voluntary muscle contraction. Additional nerve and vascular studies
typically are not required. However, if the Tinel signs are difficult to
reliably identify and the associated neuromas are not palpable,
confirmatory MRI or ultrasound evaluation can be useful to confirm
neuroma level and location.

Surgical Technique

The Tinel sign locations of the median, ulnar, and radial nerves are marked
while the patient is in the preoperative holding area. The borders of the
biceps and triceps muscles should be clearly outlined because it can be
disorientating to operate on an upper arm in the absence of forearm and
hand landmarks to delineate true anterior and posterior surfaces. The
transhumeral procedure is done through an anterior incision oriented
longitudinally along the raphe between the long and short heads of the
biceps brachii muscle. The posterior incision mirrors the anterior incision
and is positioned over the raphe between the long and lateral heads of the
triceps. The orientation of these incisions is offset 90° from the incisions
traditionally used to create anterior and posterior fish-mouth skin flaps.
When TMR is done at the time of the initial transhumeral amputation, the
TMR incisions should maintain their anterior-posterior orientation; they
can simply be extended distally to create medial and lateral skin flaps for
distal limb coverage. Thin skin flaps are elevated on both sides of the
incision, leaving a layer of fat on top of the deep fascia. A proximally
based adipofascial flap is then elevated to reveal the raphe between the
short (medial) and long (lateral) heads of the biceps brachii. Blunt digital
dissection reveals the musculocutaneous nerve, which is characterized by
its trifurcation into the motor nerve to the long head of the biceps, the
motor nerve to the short head of the biceps, and the distal continuation of
the nerve as the brachialis motor branch and lateral antebrachial cutaneous
nerve. Dissection on the medial aspect of the arm is done to identify the
median nerve next to the brachial artery. The medial antebrachial
cutaneous nerve often can be seen early in the dissection. This nerve can
be distinguished from the median or ulnar nerves by its smaller caliber and
relative posterior position along the intermuscular septum. A typical
anterior exposure and the median, ulnar, musculocutaneous, and medial
antebrachial cutaneous nerves are shown in Figure 2. Because the hand is
not present, the surgeon cannot stimulate the major mixed nerves to
confirm their identities. Motor axon frozen section staining is possible but
usually is unnecessary.

Figure 2

Photograph showing an anterior exposure in a
patient undergoing transhumeral targeted muscle reinnervation.
The medial antebrachial cutaneous (MABC), median (M),
musculocutaneous (MCN), and ulnar (U) nerves are identified
before nerve transfer. In this patient, the distal limb had been
shortened, and a long segment of the lateral antebrachial
cutaneous (LABC) nerve also is present. A recipient motor
branch to the short head of the biceps (arrow) has been tagged
with a vessel loop.

The median nerve is shortened until healthy fascicles are observed and
is mobilized to the motor point of the short head of the biceps. The
musculocutaneous nerve motor branch to the short head of the biceps is
divided approximately 1 cm from its entry into the muscle, thus providing
length sufficient for a coaptation while limiting the overall reinnervation
length and, as a result, the time required for reinnervation. Under loupe
magnification, a nerve coaptation is done by bringing the small motor
nerve into the center of the much larger median nerve; 7-0 polypropylene
suture is used. To guard against dehiscence, nearby epineurium is sutured
to adjacent muscle epimysium using additional small-caliber
polypropylene sutures. Successful neurotization of the short head after the
median nerve transfer will result in an intuitive hand-close signal, and
preservation of the musculocutaneous nerve innervation to the long head
of the biceps is maintained as an elbow flexion signal. If the brachialis

muscle is present, the ulnar nerve can be identified posterior to the median
and medial antebrachial cutaneous nerves, through the same anterior
approach, and it is mobilized to the motor nerve of the brachialis muscle.
Because the brachialis has retained its musculocutaneous innervation, a
portable nerve stimulator can be used to track the continuation of the
musculocutaneous motor nerve to its entry into the brachialis. The ulnar
nerve transfer is useful for control of a prosthetic wrist. Before the anterior
incision is closed, the previously elevated adipofascial flap is positioned
between the short and long heads of the biceps to encourage spatial
differentiation of the myoelectric signals. The elevation of this flap and
deeper transposition also may improve myoelectric signal conduction
through the thinned overlying skin flaps and limit aberrant reinnervation.
The distal radial nerve is then transferred. Although the posterior
dissection can be done with the patient supine, with the shoulder
hyperextended it is much easier to reposition the patient and perform the
radial nerve transfer with the patient in the prone position. A generous
longitudinal incision is made between the long and lateral heads of the
triceps, and a proximally based adipofascial flap is again elevated. It is
helpful to begin the deep dissection relatively cephalad because the
interspace is best found where the deltoid insertion overlies the proximal
triceps. Elevation of the long head of the triceps typically reveals the major
trunk of the radial nerve, with one or two small motor nerves branching to
supply the lateral head (Figure 3). The radial motor branch to the long
head of the triceps arises significantly more proximally and usually is not
seen. This exposure is analogous to that used for radial nerve transfers
intended for restoration of shoulder abduction. The radial nerve typically
enlarges after the amputation and feels relatively firm. Stimulation of the
main trunk should fail to produce any muscle contraction. As with a
median nerve transfer, the radial nerve is divided and coapted to the motor
nerve(s) to the lateral head of the triceps close to the motor entry point. A
hand-open signal will be created in the lateral head of the triceps, with
preservation of the elbow extension signal mediated by proximal radial
nerve innervation of the long head of the triceps. As with the anterior
approach, the adipofascial flap is positioned along the raphe between the
long and lateral heads of the triceps. Postoperative drains and a mildly
compressing dressing are applied. Therapy to maintain shoulder motion
can be initiated 2 weeks after the nerve transfer procedure.8
Several technical pearls have emerged from experience with the

transhumeral TMR procedure. First, it is helpful to avoid a distal division
of the biceps or brachialis muscle because the muscle will retract
proximally and may become buried beneath the deltoid muscle; as a result,
an EMG signal can be obscured by the overlying deltoid muscle. Second,
it is important to widely explore the space between the target muscle
bellies to identify all of the individual motor nerve branches to each
muscle. To encourage reinnervation and eliminate cross-talk competition
from remnant native innervation, it is critical to completely denervate the
target muscle before performing the nerve transfer. The skin flap thinning
that occurs as a byproduct of adipofascial flap elevation serves to improve
signal detection by limiting the distance between the reinnervated muscle
and cutaneous electrode. Liposuction or direct excision of the
subcutaneous tissues can facilitate future signal detection at sites remote
from the access incision.

Figure 3

Photograph showing a posterior exposure in a
patient undergoing transhumeral targeted muscle reinnervation.
The radial nerve (solid arrow) and a motor branch from the
radial nerve to the lateral head of the triceps (dashed arrow)
have been identified. The motor branch will be transected and

will serve as the recipient for a coaptation with the distal radial
nerve proper. The patient also was treated with an angulation
osteotomy of the humerus.

Ultimately, the success of reinnervation is contingent on the ability to
achieve normal fascicular architecture by sufficient proximal trimming of
the donor nerve before transfer. Two factors favor successful reinnervation
of the target muscle: TMR (unlike hand transplantation, in which maximal
nerve length must be preserved) almost always requires coaptations at a
location proximal to the site of nerve injury, and there are substantially
more fascicles in the donor nerves than in the coapted recipient nerves.
The second factor has been called hyperinnervation. In the experience of
this chapter’s authors, more than 95% of these transfers yield detectable
EMG control sites, without the need for nerve wraps or fibrin glue.
Theoretic failures of TMR would occur from a nonviable muscle segment
after isolation, a poor donor nerve with an unsuspected higher injury, a
donor nerve that does not comfortably reach the target motor nerve, and
aberrant reinnervation. Over the past decade, this chapter’s authors have
seen each of these issues only once.

Shoulder Disarticulation TMR
General Considerations
TMR at the shoulder level is primarily indicated to improve poor
prosthetic function, despite adequate rehabilitation, in a patient with a
standard prosthetic device. After amputation at the shoulder level, poor
function is ubiquitous with currently available prostheses. In some
respects, TMR at the shoulder level has even greater potential than at the
transhumeral level because of the greater loss of native innervation and the
limitations of conventional prosthetic rehabilitation. The preoperative
workup is similar to the workup for a patient with a transhumeral
amputation, although the physical examination must particularly evaluate
the function of the pectoralis major, serratus anterior, and latissimus dorsi
muscles. A history of limb avulsion should heighten suspicion that the
nerve endings may be too proximally located to allow tension-free transfer
to the chest wall muscle targets. Although nerve grafts are not desirable,
they can be used to add length to donor nerves. Alternatively, free muscle
transfer has been used to bring the muscle target to short donor nerves.9

Brachial plexopathy is the only absolute contraindication to surgery.
Relative contraindications include a lack of muscle targets, a lack of
distally located nerve endings, poor-quality local soft tissue, and inability
of the patient to tolerate a 3- to 5-hour surgical procedure.

Figure 4

Photograph showing curved incision markings in a
patient undergoing targeted muscle reinnervation after shoulder
disarticulation. The clavicle has been outlined to serve as a
reference point.

Surgical Technique
Access to the brachial plexus and proximal nerve branches is achieved
using an infraclavicular approach through the interspace between the
sternal and clavicular heads of the pectoralis major. A transverse incision
is designed approximately two fingerbreadths below the clavicle (Figure
4). As in the transhumeral approach, a medially based adipofascial flap is
elevated (Figure 5). In addition, the subcutaneous tissue overlying the
pectoralis major muscle is thinned in an area of approximately 100 cm2
extending from the sternum to the anterior axillary line and from the
clavicle inferiorly toward the nipple. The motor nerve to the clavicular
head usually is the first to be found in the space between the two heads of

the pectoralis. This nerve enters the muscle in a vertical direction and
almost always lies adjacent to the vascular pedicle to the muscle.
Occasionally, a second small motor nerve innervates the muscle more
laterally. Dissection proceeds inferiorly, where medial, middle, and lateral
motor branches can be found innervating the sternal head. The middle
branch emerges medial to the pectoralis minor tendon, and the lateral
branch commonly travels through the substance of the pectoralis minor
muscle. All nerve branches to the pectoralis major must be identified to
ensure complete denervation of the muscle before the nerves are
transferred. The exact origin of these motor nerves is not relevant because
there is no reason to preserve native pectoralis function in the absence of
an upper arm. Only the size and distribution of the motor entry points is
pertinent to the pattern of nerve transfers. For this reason, an extensive
supraclavicular approach to the brachial plexus is not justified.

Figure 5

Photograph showing an infraclavicular approach for
targeted muscle reinnervation in a patient with a shoulder
disarticulation. A medially based adipofascial flap has been
elevated and reflected medially. The space between the
clavicular and sternal heads of the pectoralis major muscle has
been opened and is being maintained with the use of a selfretaining retractor.

After the pectoralis motor branches are identified, the donor nerves are
located as they course deep to the pectoralis minor tendon (Figure 6). The
donor nerves are differentiated by their proximal branching pattern and
relative size. The radial nerve is the largest of the donor nerves. However,

accurate identification of each donor nerve is not critical to the success of
the procedure. The pattern of nerve transfers primarily is dictated by the
inherent spatial arrangement of the donor and recipient nerves, rather than
by a preplanned pattern of transfers based on intended function. The
proximal thoracodorsal nerve can be found deep to the mobilized donor
nerves if the latissimus dorsi muscle is to serve as an additional transfer
recipient. After adequate dissection, the donor nerves are trimmed with the
goal of achieving normal fascicular architecture (Figure 7). However, the
proximal nature of the nerve injury necessitates tempering the extent of
trimming to maintain length sufficient for avoiding tension at the nerve
coaptation sites. Often it is possible to remove 2 to 3 cm of damaged nerve
without compromising the nerve transfer. The nerve coaptation is done in a
manner similar to that used for transhumeral TMR.

Figure

6

Photograph showing the median (M),
musculocutaneous (MCN), radial (R), and ulnar (U) brachial
donor nerves, which are identified as they run deep to the
pectoralis minor tendon (retracted with a Penrose drain).

Figure 7

Photograph showing donor nerve trimming in a
shoulder disarticulation targeted muscle reinnervation. The end
neuromas are excised from the brachial donor nerves, and the
nerves are trimmed proximally until healthy individual fascicles
are observed.

Figure 8

Photographs showing nerve coaptation in a
shoulder disarticulation targeted muscle reinnervation. A, The
musculocutaneous nerve has been coapted to the clavicular
head motor branch (solid arrow), and the median nerve has
been coapted to the medial and middle motor branches to the
sternal head (dashed arrow). B, The ulnar nerve will be
coapted to the lateral motor branch to the sternal head (arrow).
C, The radial nerve will be coapted to the thoracodorsal nerve
(arrow).

The most commonly used pattern of transfers primarily is based on the
proximity of donor nerves to recipient sites. The musculocutaneous nerve
is transferred to the motor nerve branch of the clavicular head, the median
and ulnar nerves are transferred to the motor nerves innervating the sternal

head, and the radial nerve is coapted to the thoracodorsal nerve (Figure 8).
Because the radial-thoracodorsal coaptation site is relatively proximal, a
relatively long time period elapses before reinnervation of the latissimus
muscle control site. The serratus anterior and pectoralis minor can serve as
alternative targets for reinnervation but are less desirable because of the
deep position of the muscles on the chest wall. The previously elevated
adipofascial flaps and/or free fat grafts are used to create separation
between the pectoralis segments.
When the humeral head is removed at the time of the amputation, the
pectoralis and all the associated motor nerves retract medially toward the
sternum, which makes the donor nerve dissection more complicated. If a
portion of the humerus is present, it should not be excised even if it is too
short to serve as a lever arm for prosthetic control. Preserving the
pectoralis major insertion keeps the pectoralis muscle out to length, and
the broad surface area facilitates later signal acquisition. In addition, the
presence of the humeral head creates a cosmetically pleasing contour
under clothing. Occasionally, a small remnant of triceps remains
innervated by the radial nerve and is usable for an elbow extension signal.
After quilting sutures are placed, the skin is closed over closed suction
drains to reduce the risk of seroma formation after the extensive
subcutaneous thinning. The patient typically resumes use of the original
prosthesis 4 to 6 weeks after surgery, when postoperative swelling
subsides and the wound has adequately healed. Prosthetic fitting for new
control sites is done when EMG signals from the newly neurotized
muscles have become robust; a minimum of 3 to 6 months usually is
required. The latissimus muscle, which is most distant from the coaptation
site, can take 9 to 12 months to show detectable reinnervation.

TMR for Lower Limb Motor Control
Amputation is more common in the lower limb than in the upper limb, and
often it is done at a more proximal level than in the upper limb.10,11
However, the infrequent use of lower limb myoelectric devices precluded
early adaptation of the TMR technique to the lower limb. Recent
improvements in the durability and functional capabilities of motorized
knees and ankles have justified a thorough evaluation of the possible
benefits of TMR for patients with a lower limb amputation. The goal of the
transfemoral TMR procedure is analogous to that of TMR in the upper

limb: to use nerve transfers between distally transected nerves and
functionally redundant muscles in the residual limb to create an EMG
representation of the amputated lower leg muscles within the residual
limb. Although early results have been encouraging, it remains to be seen
whether salvage of this additional neural information will lead to improved
prosthetic function.
The surgical technique and prosthetic control strategy for lower limb
TMR were outlined in two recent clinical reports.12,13 The essential
principle is to transfer the tibial division of the sciatic nerve to a medial
hamstring (semitendinosus or semimembranosus) and the peroneal
division of the sciatic nerve to a lateral hamstring (the short or long head
of the biceps femoris) while maintaining at least one natively innervated
hamstring muscle to control prosthetic knee flexion. In this manner,
prosthetic knee flexion-extension and ankle plantar flexion-dorsiflexion
can be intuitively controlled.

Neuroma Management
Beyond its established role in enhancing myoelectric control, TMR may be
an effective technique for the treatment of painful postamputation
neuromas. TMR is believed to inhibit neuroma formation by providing
both a vascularized scaffold that can guide regenerating axons and a
denervated muscle target toward which growth can be directed. In essence,
TMR gives the regenerating nerve somewhere to go and something to do;
these elements are lacking in other, largely unproved neuroma treatments.
This use of TMR is supported by histomorphologic data from preclinical
studies as well as by retrospective outcome data from two separate clinical
studies.14-18 A multicenter randomized controlled study is under way to
rigorously evaluate the role of TMR in the management of postamputation
neuroma pain.
A wide variety of nerve transfers can be used in TMR done primarily
for neuroma management. To treat neuroma pain at the transhumeral or
shoulder disarticulation level, TMR should be done as previously
described, regardless of whether the patient complied with earlier
rehabilitation or wear requirements for his or her prosthesis. Residual limb
pain is a common obstacle to prosthetic rehabilitation, and resolution of
the pain may allow the patient to increase use of his or her prosthesis,
which would have greater functional potential after TMR.

At the transradial level, ulnar and median neuromas and their motor
nerve targets can be accessed through a volar longitudinal incision
between the flexor carpi ulnaris and the flexor digitorum superficialis. The
radial nerve is dissected through a separate incision and passed into this
working space. Motor nerves innervating the pronator quadratus, flexor
carpi ulnaris, and flexor digitorum superficialis are the most common
targets after neuroma excisions (Figure 9).
For transtibial amputations, symptomatic neuromas of the deep and
superficial peroneal nerve, the tibial nerve, and the sural nerve can be
excised and the newly freshened nerve endings transferred locally to the
motor nerves of the medial and/or lateral gastrocnemius muscles, the
soleus muscle, the anterior tibial muscle, or even trimmed more proximally
and coapted to a motor branch of the semitendinosus muscle (Figure 10).
Similarly, sciatic end neuromas in a patient with a transtibial amputation
can be transferred to the semitendinosus or semimembranosus muscle
using a posterior midline approach, as described in a cadaver feasibility
study.19 In these patients, it seems important to perform the nerve transfers
and for the patients to actively exercise the target muscles after
neurotization has occurred.

Figure 9

Photograph showing transradial targeted muscle
reinnervation (TMR) for management of neuroma pain. Large
median nerve and smaller ulnar nerve end neuromas have
been dissected through a volar forearm approach. TMR was
performed with transfer of the median nerve to a motor branch
to the flexor digitorum superficialis, and the ulnar nerve was
transferred to the motor nerve of the flexor carpi ulnaris (nerve
coaptations are not shown).

Ultimately, any motor nerve branch can serve as a nerve transfer
recipient after neuroma excision, provided the level of morbidity
associated with sacrifice of the recipient motor branch is acceptable. This
technique is particularly applicable to patients with a major limb
amputation because of the availability of multiple muscle targets and
absence of functional donor site morbidity. However, consideration must
be given to the effect of potential atrophy from target muscle denervation
on the overall quality of the residual limb coverage.
Although most TMR procedures have been performed for either
prosthetic control or in cases of chronic neuroma pain, a recent case report
highlighted the effective use of TMR in the acute setting for neuroma
prevention after a traumatic shoulder disarticulation.20 The patient
reported no local neuroma pain or phantom discomfort at 8 months
postoperatively. The potential use of TMR as a prophylaxis against the
development of pain after amputation will only be determined by broadbased surveys of pain and phantom discomfort in amputees. Such surveys
are currently being conducted.

Figure 10

Intraoperative photographs showing targeted
muscle reinnervation for neuroma management in a patient
with a transtibial amputation. Chronic pain in the common
peroneal nerve end neuroma was treated with neuroma
excision and transfer to a motor branch to the biceps femoris
muscle. A, The sciatic nerve is separated into its tibial and
peroneal components, with loops around each. B, The common
peroneal nerve end neuroma and motor nerve to the biceps
femoris muscle were dissected out (each is lying on top of the
yellow backgrounds). C, Nerve coaptation was performed after

excision of the common peroneal nerve end neuroma and
neurotomy of the motor nerve to the biceps femoris muscle.

Directions of Future Inquiry
Targeted sensory reinnervation (TSR) and regenerative peripheral nerve
interfaces are experimental adjuncts to TMR that have the potential to
dramatically improve a patient’s functional capacity. In several patients, a
sensory nerve in the vicinity of the motor nerve transfers has been coapted
end-to-side to the donor median or ulnar nerve to achieve TSR.21
Stimulation of the reinnervated skin results in the sensation of the patient’s
hand being touched, thus providing cortical feedback to the hand
representation on the cortical homunculus. There is restoration of all
modalities of cutaneous sensation, including pressure, vibration, and
thermal sense. These patients gained an ability to discriminate gradations
of force that matched that of their uninjured skin. TSR improves the
usefulness of the prosthesis (for example, patients are able to avoid
dropping or crushing objects because they can sense the extent of the force
being applied), and it may allow patients to better integrate the prosthesis
into their self-image. Mechanisms to enable the prosthesis to capitalize on
such information through haptic feedback are still in development, but
integration of TSR into prosthetic function represents a major step toward
complete restoration of the amputated limb.
Regenerative peripheral nerve interfaces seek to overcome the loss of
signal fidelity that results from surface recording of a deeper nerve signal.
Attempts at direct nerve signaling have been plagued by iatrogenic nerve
injuries, poor durability, and neuroma formation. The newest generation of
implantable electrodes, like TMR, uses muscle as a biologic amplifier to
record neural activity. However, the implantable nature of the electrodes
allows recording immediately adjacent to the nerve and thereby
substantially improves signal quality without requiring direct nerve
contact.22

Summary
TMR has been shown to restore intuitive limb control in patients with
upper limb amputation and is appropriate for use with transhumeral or
more proximal amputation levels. TMR can improve the patient’s function

and has the potential to alleviate pain from symptomatic neuromas.
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Chapter 28

Targeted Muscle
Reinnervation: Prosthetic
Management
Robert D. Lipschutz, CP, BSME

Abstract
Targeted muscle reinnervation is a surgical technique that has been
developed to improve an individual’s ability to control his or her myoelectric
prosthesis. Prosthetists who attempt to fit individuals with powered
prostheses after target muscle reinnervation must first be knowledgeable in
the basic principles of fitting myoelectric devices. In addition, the prosthetist
should understand the surgical procedure and the intended outcomes.
Applications of traditional and advanced myoelectric control strategies are
essential to achieve successful outcomes. The incorporation of emerging
technologies will benefit both the user and the prosthetist.

Keywords: antagonistic muscle action; coaptation;
electromyographic (EMG) signal; mode selection; myoelectric
control; shoulder disarticulation; transhumeral amputation
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Introduction
For individuals with proximal levels of upper limb amputation
(transhumeral amputation or shoulder disarticulation), successful operation
of an upper limb prosthesis requires the performance of control motions
that are rarely analogous to actions performed before the amputation. For
body-powered prostheses, users must incorporate body movements such as

glenohumeral flexion, scapular protraction, or biscapular protraction to
flex the elbow and/or operate the terminal device. In myoelectrically
controlled, externally powered systems, the actions for controlling a
powered elbow can be more physiologic for individuals with transhumeral
amputations if contraction of the biceps is used to control elbow flexion
and triceps are used to control elbow extension. Beyond this exception, for
the other powered components of a transhumeral prosthesis (electronic
wrists and terminal devices), and all the motors in an externally powered
prosthesis for shoulder disarticulation, both the electromyographic (EMG)
input signals and other physical body movements that are used as control
inputs are nonphysiologic strategies. For example, strategies for using a
myoelectrically controlled transhumeral prosthesis may include using the
residual biceps and triceps muscles to control elbow flexion and extension,
wrist supination and pronation, and terminal device prehension. Various
mode selection strategies are required to allow the user to switch between
these antagonistic pairs of movements. An example of mode selection may
be an intentional co-contraction of the biceps and triceps muscles to switch
active control inputs from one component to another (for example, elbow
to hand). Other methods of mode selection could include activating a
bump switch mounted on the exterior surface of the prosthetic socket or a
momentary pull switch incorporated into the harness. Regardless of the
method of mode selection, another action is required to direct input signals
from one component to another. More importantly, the muscle signals used
to control these various motors are rarely consistent with the action being
performed. For example, contracting the biceps and triceps muscles to
control hand closing and opening is not necessarily intuitive.
Targeted muscle reinnervation (TMR) is a means by which users can
operate their myoelectrically controlled prostheses in a manner that is
more intuitive and physiologically consistent with the actions and thought
processes that users had before their amputations.1-8 Adding two to three
physiologic electrode sites for the individual with a transhumeral
prosthesis, and four to six physiologic sites for the shoulder disarticulation
prosthesis, creates the potential for a more natural means of controlling the
prosthesis. TMR also allows the user to control multiple motors
simultaneously, thus reducing the delays associated with mode selection
for most prosthetic actions and movements.
This chapter discusses the general principles of fitting individuals with
upper limb prostheses who have undergone TMR, the challenges

encountered during clinical fittings, technological advancements in TMR,
and the potential applications of TMR to lower limb prostheses.

General Principles
Although TMR was initially developed for humans, it is a relatively
foreign concept to most in the medical community. Therefore, it is likely
that the prosthetist or even the individual with the amputation might
propose this form of surgical intervention to other members of the
healthcare team outside of those few centers where surgeons routinely
perform these procedures. Thus, it is essential that the entire team—
including the patient, the surgeon, the physiatrist, the prosthetist, the
occupational therapist, and nurses—fully comprehends the surgical
procedure, any benefits and risks associated with the process, the
postoperative protocol, and prosthetic fitting principles and training.9

Muscle Recovery Period
After a successful TMR procedure, the patient will be asked to pay
particular attention to his or her neuromuscular development of
reinnervation, most notably what occurs when attempting to perform a
muscle contraction that was absent before TMR (for example, closing and
opening a hand).10 Reinnervation will occur gradually, reaching a
consistently measurable EMG level approximately 6 months after the
procedure. However, the bipolar voltage potential may continue to
increase in magnitude, and the optimal electrode alignment may reorient as
further development occurs in subsequent months and years after the
procedure.11 During this period of reinnervation, the patient should be
given a protocol of how to exercise both the reinnervated and natively
innervated muscles. In addition to the typical practices of wound care and
healing maintenance of the residual limb, overall strength and range of
motion also should be pursued.10,11
One principle often overlooked in this transition period is prosthetic
wear after TMR for individuals who had been previously fit with
prostheses. Generally, it is expected that after a brief surgical recovery
period, the prosthetic user will regain the pattern of prosthetic use that
existed before TMR. This use may be complicated by the fact that the
overall limb volume may change substantially because of the removal or
movement of adipose tissue during the TMR procedure as well as transient

atrophy of muscles that have been deinnervated and reinnervated.
Although the repositioning of adipose tissue, termed debulking, is a benefit
for signal acquisition, the removal or movement of subcutaneous fat will
also alter the shape of the residual limb to the degree that either major
socket modifications or socket replacement becomes necessary. If
possible, planning the design of the preoperative prosthesis should include
considerations for limb volume changes and postoperative fittings.12

Myotesting Principles
Fitting individuals with traditional myoelectric control requires that the
prosthetist follow the basic strategies for bipolar EMG control. Signal
thresholds, antagonistic muscle pairs, the appropriate alignment of the
electrode poles, and maintenance of electrode contact on the skin surface
are essential components of these fittings. The addition of TMR sites does
not alter these strategies. However, because more than two electrode sites
are available, the equipment used for traditional myoelectric site
evaluation and location is limited in its utility. Myotesters provide a means
of viewing only a single pair of bipolar signals, whereas TMR provides an
expected minimum of at least two pairs of sites. At first, the site selection
of antagonistic pairs of muscles, including isolation, attaining thresholds,
and proportional control, can be identified with traditional equipment.
However, it may be necessary to use the software germane to the particular
powered prosthetic components to simultaneously appreciate all the
signals (Figure 1).

Coactivation of Signals
TMR has created an avenue for discrete EMG signals to control elbow
flexion and extension independently from the opening and closing of a
terminal device. These individual signals are comparatively easy to attain
when selecting them in isolation and testing the residual limb for control of
the desired motions. However, when all the electrodes are in contact with
the user’s body, eliminating unintended coactivation of muscles is quite
difficult. Usually, this is not the case within the antagonistic muscle pairs,
but occurs more frequently within muscles that are part of the same
synergistic pattern (elbow flexion and hand close, elbow extension and
hand open). In addition to the surgical attempt to separate these muscles by
means of adipofascial flaps,8 two distinct signal strategies for addressing
this coactivation have been used.

The first strategy may seem counterintuitive to the prosthetist and/or
the therapist who is adjusting the EMG signal gains and thresholds within
the prosthetic system. Although the user can typically generate signals of
greater magnitude and control within native muscles, the signal gain on
these electrodes may increase while the threshold may decrease. This
signal overamplification will make it much easier for the user to cross the
now decreased threshold for that particular movement. By concentrating
on providing only a small signal from the natively innervated muscle, the
decreased effort may minimize the extent of coactivation with the
reinnervated muscle that is part of the same synergistic pattern. Having a
large gain/low threshold on the native elbow flexor muscle will allow the
user to flex his or her elbow with minimal EMG amplitude, thus reducing
the chance of coactivation of the muscle used to close the hand.
The second strategy for eliminating the confusion caused by the
unintended coactivation of muscles uses a different means of signal
acquisition and processing, which is referred to as pattern recognition.
Pattern recognition is discussed later in this chapter.

Visualization of Desired Movement
A primary goal of TMR is to enable the user to provide an intuitive
neuromuscular signal that is native to the action desired from the
prosthesis. For the individual with a transhumeral amputation, the native
neural pattern for elbow flexion and extension signals are present both
before and after TMR. However, hand and wrist movements require a
“rerouted” neural signal from a different muscle. For the individual with a
shoulder disarticulation, this rerouting occurs for all elbow, wrist, and
hand signals. When motor reinnervation occurs, it is unclear as to exactly
what neural information reaches its destination in the motor point of the
muscle. For example, after reinnervation of the median nerve to a motor
point on a targeted muscle, it is expected that user’s attempt to elicit the
EMG signal for “hand close” will send the desired neural signal to contract
the targeted muscle. Generally, this attempt is successful. However, some
factors may necessitate slight variations to the user’s visualized movement
of his or her amputated limb to generate the proper corresponding EMG
signals. First, the portion of the median nerve that reinnervated the target
muscle may have been biased toward thumb movements more so than the
second and third digits. In this case, the patient may have to visualize more
thumb movement for “hand close” versus visualizing the entire hand

closing. In other cases, the patient may think that his or her phantom limb
cannot completely move into the desired position, again necessitating a
variation of the desired visualization. Both circumstances require the
patient, the prosthetist, and the occupational therapist to be flexible enough
to try alternative motions that are normally innervated by the reinnervated
peripheral nerve to determine what is most effective.11,12 As in all
myoelectric control, consistency in the activation patterns is the key to
successful prosthetic operation.

Figure 1

Illustration of a graphical user interface screen that
allows the simultaneous viewing of multiple electromyographic
channels. (Courtesy of Rehabilitation Institute of Chicago,
Chicago, IL.)

Electrode Placement and Socket Designs
Prosthetists usually have their own preferred electrodes and socket design
for transhumeral and shoulder disarticulation myoelectric fittings that they
have found successful. Such components and design concepts should
remain within each prosthetist’s repertoire, adding the possibility of minor

modifications caused by the surgical method used, the location and
number of EMG sites, significant movement of superficial tissue during
muscle contraction, and the ease of relocating electrodes.12
Similar to prosthetists, surgeons have their own ideas of how to
achieve successful results. Although TMR has somewhat standardized
surgical principles, the results from TMR will depend on what is
discovered both before and during the procedure. For example, a muscle
transfer from another region of the body may be necessary to provide a
viable site for reinnervation of the peripheral nerve. Such transfer may also
be necessary to provide coverage over bony prominences, such as within
an interscapulothoracic amputation. Alternatively, the originally targeted
muscle may be determined as nonviable intraoperatively. In other surgical
variations, the surgeon may opt to detach the origin of the muscle tendon
to prevent proximal migration of the muscle during contraction, or a
humeral angulation osteotomy may be included during the same surgical
procedure as TMR. In all of these cases, it is essential for the prosthetist to
review the surgical report and/or discuss the case with the surgeon to
ensure that both appreciate (and understand) how to best design the socket.
Certain commonly accepted socket designs, such as X-frames for
shoulder disarticulation fittings, may not have enough material to cover the
area and EMG sites resulting from TMR12-15 (Figure 2). Traditional
myoelectric prostheses are designed with two electrode sites. After TMR,
at least four sites should be available. In these cases, greater surface
coverage of the socket may be necessary to capture the reinnervated sites
over areas such as the pectoralis major, latissimus dorsi, and serratus
anterior muscles.
It has been noted that in both transhumeral and shoulder disarticulation
limbs, substantial movement occurs in particular areas of superficial tissue
overlying reinnervated muscle sites1-9,12 (Figure 3). Such movement is
problematic because the electrode poles must maintain surface contact
with the soft tissue to prevent inadvertent movement of the prosthesis.
Sockets may need to be modified for a tighter fit over these regions or,
alternatively, utilize a concept where both the socket and the electrodes
over this area can move and still maintain contact with the skin surface.12
In addition to the movement of superficial tissues, subcutaneous muscle
may shift during contraction. This may occur because the newly targeted
muscle did not undergo myodesis or myoplasty during the initial
amputation surgery. Alternatively, during TMR, the origin of the muscle

may not have been detached, allowing for a “floating muscle belly.”
Because this muscle with only a proximal attachment is reinnervated, a
contraction makes the muscle move proximally toward its origin.9 In these
instances, it may be necessary to install the electrodes quite proximally on
the socket. Remote electrodes may be necessary because a packaged
electrode may not fit into this region of the socket. An additional
advantage of using remote electrodes is that during the test socket fitting
stage, these metal domes can be easily relocated to achieve a more
preferential EMG signal acquisition location.12

Figure 2

Clinical photograph of a shoulder disarticulation
socket with trim lines insufficient to cover the newly created
electromyographic sites. (Courtesy of Rehabilitation Institute of
Chicago, Chicago, IL.)

Transhumeral Fittings
Originally designed for individuals with a transhumeral amputation, TMR
allows more natural and intuitive operation of myoelectric prostheses. In
the first few individuals with transhumeral amputations treated with TMR
surgical procedures, the distal radial nerve was transferred to the brachialis
muscle16 (Figure 4). Although the nerve reinnervation proved successful,
some difficulty in prosthetic design occurred because the lateral-distal
location of this site proved challenging for consistent acquisition of EMG
signals. The two main reasons for this challenge are as follows: (1) The
distal location of the reinnervated site required that the electrode be quite
distal within the socket, and (2) any distal migration of the socket with
respect to the muscle site and/or soft tissue during loading (whether

because of gravity or other axial loads) made it difficult for the user to
operate the prosthesis. In addition, when the user attempted to operate the
prosthesis in abduction, the distal electrode site would experience pressure
against the lateral distal humerus because of the force couple created by
the weight of the prosthesis leveraging the transhumeral socket. In both
scenarios, inadvertent signals of hand opening would occur and either
open the prosthetic hand or prevent it from closing, producing undesired
results.
Since these first initial fittings, the standard surgical procedure for
TMR for individuals with a transhumeral amputation has changed to
include coapting the distal radial nerve to the lateral head of the triceps17
(Figure 5). This change improved the success of the subsequent prosthetic
fittings. With the natively innervated long and medial heads of the triceps
available for physiologic control of elbow extension, the reinnervated
lateral head of the triceps can be used for intuitive control of the hand
opening signal. In addition, the ulnar nerve is transferred to the brachialis
muscle for potential use as a single site for controlling the electronic wrist
rotator.

Figure 3

Clinical photographs of soft-tissue movements of
the transhumeral residual limb associated with generating
various control signals in a patient after targeted muscle
reinnervation. A, Relaxed. B, Hand close. C, Elbow up.
(Courtesy of Rehabilitation Institute of Chicago, Chicago, IL.)

Figure 4 Clinical photograph of electrode placement over the
reinnervated brachialis muscle by the distal radial nerve, which
is used for the hand opening signal. The distal location can
compromise the consistency of this muscle as a control signal.
(Courtesy of Rehabilitation Institute of Chicago, Chicago, IL.)

As mentioned previously, skilled prosthetists have their own methods
of socket design and myosite selection. This chapter’s author believes that
the signals obtained from the proximal aspect of the long head of the
triceps, which is located medially and posteriorly just distal to the axillary
level, are the most promising control inputs for elbow extension because of
the natural lack of adipose tissue covering the long head of the triceps in
this region. The antagonistic muscle is the native innervation of the long
head of the biceps, which controls elbow flexion. Myosite selection is
analogous to that of traditional myoelectric fittings with the exception of
now having two pairs of antagonistic actions from which to differentiate
EMG signals. Because it is necessary to locate the reinnervated pair of
antagonistic muscle actions, palpating for distinct muscle contraction is

imperative. The lateral head of the triceps should now contract when the
individual is asked to open his or her hand, whereas the short head of the
biceps should contract when the individual is instructed to close his or her
hand. Because of the close proximity of these reinnervated muscles to the
adjacent muscle heads, it is often challenging to isolate these signals. As
previously mentioned, although adipofascial flaps have been surgically
created to separate the muscles (signals),8,17 additional time must be spent
to adjust the signal parameters (for example, gains, thresholds, and motor
speeds) to optimize signal separation and control of the intended action.

Figure 5 Clinical photograph of electrode placement over the
lateral head of the triceps muscle, reinnervated by the distal
radial nerve and used for the hand opening signal (HO) and the
elbow down (ED) signal. (Courtesy of Rehabilitation Institute of
Chicago, Chicago, IL.)

Training an individual with a transhumeral prosthesis after TMR is
easier if the user has not had substantial previous myoelectric experience,
where the necessary substitution of nonphysiologic muscle signals was
ingrained into his or her thought control process. Users with prior
myoelectric experience will have to “unlearn” many of the previous
strategies for controlling the elbow and hand motors.10,11 After TMR, the
native muscles will control their intended movements of elbow flexion and
extension. Users should now be able to activate hand closing and opening
signals by sending nerve signals to reinnervated muscles by means of
natural thought processes.

Control of the wrist motor may be less intuitive. As with more
traditional myoelectric fittings, the wrist motor may be controlled by the
same signals that open and close the hand. This can be accomplished
through a distinct mode selection switch or through a control scheme that
involves differentiation between a slow-soft or fast-hard onset of the input
muscle signal to select the motor being driven (that is, the hand or the
wrist). In a third strategy, wrist rotation may be activated by a separate
switch integrated within a control harness, which permits simultaneous
control of the three prosthetic joint components. Regardless of the strategy
chosen, it will be less intuitive than direct, native myoelectric signals.
Changing the grasp patterns in multiarticulating hands also requires
some form of mode selection. Although the individual with either a
transhumeral amputation or a shoulder disarticulation may feel that he or
she can differentiate finger movements (Figure 6) or hand grasp patterns
with reinnervated muscles, the electronics within the various systems
cannot recognize the subtle differences in these input contractions or relay
these varied signals to the multiarticular hand to both change the grasp
pattern and perform the desired action. Rather, the grasp pattern must be
selected by using the EMG signals for the hand. Switching strategies
available in multiarticular hands include co-contraction, double impulse,
and triple impulse switching signals. After the grasping strategy has been
selected, the signal to close or open the hand within the newly selected
hand grasp pattern may be used. The option of using a dual-site multistate
control strategy, such as a slow-soft/fast-hard strategy described earlier for
both the hand and the wrist control, is likely nullified in the case of
multiarticulating hands because of the necessity to use hand EMG signals
to switch hand grasp patterns.

Figure 6

Clinical photograph of a man with a shoulder
disarticulation who is generating electromyographic signals for
finger movement and hand grasp in response to observed hand
and finger movements being performed by the treating
prosthetist. (Courtesy of Rehabilitation Institute of Chicago,
Chicago, IL.)

Shoulder Disarticulation Fittings
Although TMR was originally intended for individuals with transhumeral
amputations, the first TMR was performed on an individual with bilateral
shoulder disarticulation.1-4,7 This candidate was chosen because the
optimal circumstances presented themselves: viable nerves and muscles,
revision surgery already planned, and a candidate who had proven
compliant use with a high-level prostheses and could comprehend the
surgical technique and outcomes. These circumstances are important
factors when evaluating candidates for TMR and prosthetic fitting. Similar
to individuals with transhumeral amputations, the goal of the procedure is
to allow individuals with shoulder disarticulations to operate myoelectric
prostheses with more natural and intuitive control, with the hope of
improving both the outcome and the desire to wear the prosthesis.1-4,7-9
The main difference for non-TMR shoulder disarticulation fittings is that
no native muscles with physiologically analogous motions to prosthetic
actions are being used. Firing of the pectoralis and trapezius muscles does
not naturally correlate with arm movements. Similarly, the gross body
motions (shoulder protraction, elevation, and retraction) used to activate
control inputs such as force sensing resistors, cable pull switches, or
electronic “first-class lever” switches are not natively associated with
movements of the upper limb.

Figure 7

Illustration of standard nerve coaptations of the
musculocutaneous and median nerves. Coaptations of the
ulnar and radial nerves are more patient specific. (Courtesy of
Rehabilitation Institute of Chicago, Chicago, IL.)

The TMR procedure for shoulder disarticulations has also varied
greatly. The two most common nerves and sites for reinnervation are the
musculocutaneous nerve and the median nerve to the clavicular head and
sternal head (upper portion) of the pectoralis major muscle, respectively.8
The musculocutaneous nerve/site is responsible for elbow flexion and will
be located just inferior to the clavicle. This positioning provides for a good
signal because of its proximity to the clavicle itself, but it has various
complications as any site near a bony prominence would have. Median
nerve reinnervation is used for the signal to close the hand (Figure 7).
Beyond these two coaptations, the remaining peripheral nerves of the
brachial plexus may be transferred to any number of sites, depending
primarily on which skeletal, muscular, and neural structures remain after
amputation. For example, if the surgical procedure was not a true shoulder
disarticulation but a humeral neck amputation, the proximal aspect of the
radial nerve may still be innervating the proximal aspect of the triceps
and/or the axillary nerve may still be innervating the posterior deltoid. In
these patients, one of these sites may be used for elbow extension. Thus,

the distal radial nerve may be coapted to the latissimus dorsi muscle or the
sternal head (lower portion) of the pectoralis major muscle for use with
hand opening signals. Another approach may be to use the ulnar nerve
reinnervation as the hand-open site. In the first TMR preformed, the ulnar
nerve was coapted to the pectoralis minor muscle, which was drawn out
from behind the pectoralis major muscle and sustained laterally. Another
approach is to attach the entire radial nerve to the serratus anterior muscle
to control elbow extension and/or hand opening.8 This option is preferred
when performing TMR on female patients because it will minimize
disruption to breast tissue.8,18

Figure 8

Clinical photographs of soft-tissue movements of
the shoulder disarticulation residual limb associated with the
generation of various control signals in a patient after targeted
muscle reinnervation. Note the differences in the orientation of
both the “marked” electromyographic sites and the skin
underlying the soft tissue when the individual is relaxed (A),
and during muscle contraction for hand opening (B) and hand
closing (C). (Courtesy of Rehabilitation Institute of Chicago,
Chicago, IL.)

Many challenges arise with these alternative sites, including the fact
that the serratus anterior muscles are used frequently in postural control,
which may result in unwanted signals during certain activities.12,18 In
addition, when both the amputation and TMR occur on the left side of the
body, cardiac signal interference must be considered.19-21 In such cases,
electrodes with modified filtering may be necessary. As described with the
transhumeral fittings, regardless of the surgical technique, it is crucial for
the prosthetist and the therapist to obtain a report that identifies the nerves
that were transferred and the locations to which they were coapted.
Socket designs for shoulder disarticulation fittings after TMR must
incorporate all the electrode sites created from the surgical procedure.
Changes in the prosthetist’s style of fitting may be necessary to envelope

these areas. Frame type (perimeter) sockets generally have more surface
area inherent in their designs compared with microframe or X-frame
designs.13-15 In addition to accommodations for breast tissue in females,
some changes to these designs may be necessary, including adding a
bladder or adjustable pressure components to ensure that the electrodes
maintain contact with the skin and other electrodes during contraction.18
As with transhumeral limbs, tissue in the area of the shoulder
disarticulation reinnervation can move quite substantially during muscle
contractions1-6,8,12 (Figure 8). Maintaining good skin contact is crucial
for sound myoelectric control and may be even more difficult to achieve
after a TMR procedure.
After the TMR procedure and the reinnervation period, site selection
will occur in a similar, methodical procedure. Once again, minimal
retraining of the mind is necessary unless users have had substantial
experience using their innate pectoralis and latissimus dorsi muscles for
prosthetic control. Because these two muscles—and possibly others—have
been reinnervated with signals that correspond to elbow flexion/extension,
hand close/open, and wrist pronation/supination, these are the thoughts and
actions that the user should be performing to contract the newly innervated
sites rather than substituting nonphysiologic movements for the
aforementioned actions.10-12 Site selection should begin on the basis of
the nerves that have been used and the areas of the body to which they
have been coapted. The actions that the user is prompted to perform by the
prosthetist or the therapist should begin with the basic (gross) movements
of elbow flexion and extension, wrist pronation and supination, and
opening and closing of the hand. It is advised not to attempt a different set
of actions until substantial testing and training have occurred.10-12
Ultimately, the movement visualized by the user may be a variant of one
of these basic motions, a combined movement, or another action that is
innervated by that targeted nerve/muscle location. For example, spreading
the fingers may provide a more distinct and isolated signal for hand
opening than a more passive hand opening attempt. As mentioned
previously, consistency in the method and magnitude of muscle
contractions is of utmost importance to reliable, sound, isolated prosthetic
performance. After the particular movement strategy has been selected and
adjusted for in the software, it should remain the strategy that the user
performs when movement of the prosthesis is desired.
Similar to the transhumeral amputation, additional inputs may be

needed to control the wrist rotator and to change the grasp pattern in
multiarticular hands. Methods of mode selection may be somewhat
analogous to those described in the management of transhumeral
amputation (for example, EMG-based switching strategies or the use of
electromechanical switches). After TMR, fewer, if any, native sites exist
that the user must control, thus making switching more challenging.
Although using reinnervated muscles for either co-contraction, quick
impulses, or slow-soft/fast-hard strategies may be more difficult, they are
nonetheless worth exploring. Individuals with externally powered
prostheses generally prefer using EMG signals to control motors because it
is much easier and more intuitive than performing gross body movements.

Application of Technological Advancements
Since the inception of TMR, technological advancements have continued
to meet the needs of both the user and the prosthetist. Many of these
changes relate to the ability to incorporate a greater number of EMG inputs
and adjustments to a system. All of the leading manufacturers of electronic
elbow systems (Liberating Technologies, Otto Bock HealthCare GmbH,
and Motion Control) have developed advanced products that meet the
requirements of TMR. In addition, work has started at many other
institutions to enhance the prosthetic outcomes of individuals who have
undergone amputations. The advantages from emerging technologies such
as pattern recognition and sensory feedback combined with externally
powered prosthetics have created direct benefits for TMR recipients.22-32

Pattern Recognition
Although pattern recognition for myoelectric control is not a new concept,
the commercial availability of such a product is currently in its infancy.
Pattern recognition has many uses and complex variables.22-25 In the
context of myoelectric prostheses, pattern recognition or advanced pattern
recognition are the terms used to describe a method by which all EMG
signals being collected are analyzed, resulting in a single decision for how
the prosthesis should move (or not move). The result of this decision is
often referred to as the classifier. Examples of classifiers are elbow
flexion, hand opening, and no movement.
A major benefit of pattern recognition is that the isolation of muscles,
although it may improve classification, is not necessary to distinguish one

intended movement from another. Even for antagonistic muscle groups,
coactivation of muscles may provide a distinct pattern that can be
classified as a particular movement of the prosthesis. A simple example
may be present in a dual-site myoelectric system, where an individual can
isolate his or her biceps EMG signals for an elbow flexion signal, but
when he or she attempts to provide isolated triceps EMG signals for
extension of the elbow, unintentional coactivation of both biceps and
triceps EMG signals occurs. In traditional myoelectric systems, even with
adjustments to thresholds, gains, and the control strategy, the prosthetic
elbow might not consistently extend because the coactivation may
compromise the signal output such that it is not clean enough to represent
an isolated elbow extension signal. Suppose, instead, that the isolated
EMG signal from the biceps was used for elbow flexion, and the
“combined signals” from the biceps and triceps coactivation were used for
elbow extension. Controlling the prosthesis in this manner is plausible
when a pattern recognition control algorithm is used, which substantially
reduces the burden on the user to isolate distinct muscle signals as well as
decreases the prosthetist’s time for adjusting settings and strategies.
TMR has created an increased number of EMG sites and, thus, an
increased set of data from which to draw.25 Earlier, it was explained that
although the surgical procedure proved effective, prosthetic control may
still be difficult because of the coactivation of muscles with synergistic
actions. The application of pattern recognition can help eliminate this
signal confusion because it collectively examines all the signals before
deciding how the prosthesis should or should not move. If powered
shoulder units become commercially available, it is quite feasible that
these movements will be added to the classifiers of the pattern recognition
algorithms.
One key to pattern recognition control is analogous to that of all
myoelectric prostheses: consistency in signal intent and level. The user
must create the same pattern and level of contraction to control the
prosthesis as when these classifiers were created. An additional feature of
the pattern recognition controllers available from Coapt LLC (Figure 9) is
that the user can recalibrate the system whenever he or she thinks that the
prosthesis is not responding to current EMG signals. Similarly,
recalibration can be performed when the user wishes to add multiple
classifier settings for times when the prosthesis may be used in different
positions or for different tasks. With this feature, the user does not need

the prosthetist to alter the settings within the graphic interface and system;
the user can simply recalibrate the settings by donning the prosthesis,
pushing the button to recalibrate the settings, and providing signals to the
prosthesis while following a predefined sequence of movements. The
microprocessor within the prosthesis automatically uses the new data to
redefine the user’s settings to the current signal classifiers that were just
provided.

Figure 9

Photograph of the Coapt LLC pattern recognition
system with controller, electrode wiring, and calibration switch
to permit the user to recalibrate settings without having to see
his or her prosthetist. (Courtesy of Rehabilitation Institute of
Chicago, Chicago, IL.)

Although pattern recognition has proven to be a very powerful tool in
the prosthetist’s arsenal, it still has some limitations. With traditional
control, users who have had TMR can simultaneously control two or more
motors with EMG signals alone. This action is feasible with pattern
recognition control but generally only in the research setting; simultaneous
control of multiple motors by means of EMG signals is not a current
feature of commercially available systems. There are still questions
regarding the necessity of this function. Since the inception of TMR, users
have had the ability to move multiple motors simultaneously, but they
have infrequently used this advantage spontaneously. In addition, the
frequency at which the pattern recognition software analyzes the signals is
such that the transition from one action to another may appear seamless.
Another current limitation is the inability to change the grasp patterns
of multiarticular hands by using only the pattern recognition classifiers. As
in traditional control, the user is required to perform hand grasp selection

by means of the hand EMG signals previously described. However, cocontraction can no longer be used because it now may be recognized as a
particular classifier for another motor movement. It is the opinion of the
author of this chapter that this limitation will be overcome when the
manufacturers of multiarticular hands and pattern recognition software
begin to work together to permit direct hand grasp selection.

Sensory Feedback
The advent of terminal devices (and systems) that provide refined sensory
feedback are another advancement in powered prosthetics that will prove
highly beneficial to TMR recipients. Forms of sensory (also known as
haptic) feedback to the prosthesis user have been explored for many years,
but most of these applications remain confined to the research setting.26-33
Stimuli have been applied to the residual limb or other parts of the body to
relay senses of force, pressure, vibration, or simulated temperature. The
difference for individuals with TMR is that, although the stimulus will still
be over the residual limb, it will provide signals to the brain that the
stimulus is elsewhere (for example, in the missing hand) because sensory
reinnervation has spontaneously occurred in some TMR recipients.8,32
Sensory nerves have grown to the surface of the skin in several TMR
recipients and have since become a planned part of the surgery. Nerve
patterns, often replicating those of normal dermatomes, have developed in
the residuum. For example, in the first TMR recipient with a shoulder
disarticulation and TMR to the left pectoralis region, sensory nerves grew
to the surface of the patient’s chest so that when certain stimuli were
given, the signals were felt in the missing hand.32 This is clearly different
from previous work because now the feedback from the prosthesis is
perceived in the user’s hand versus pressure on the residual limb (Figure
10). With the refined work on tactile elements for prosthetic hands that is
now occurring worldwide, the benefits for TMR recipients may be
dramatic. Many in the field of prosthetics believe that a direct sensory link
is the missing variable for greater acceptance and use of upper limb
prostheses. It is yet to be proven if a direct sensory link is truly the case,
but there is a possibility of such a link in the future.

Figure 10

Illustration of sensory reinnervation that
spontaneously arose from the motor reinnervation of the
pectoralis region in a patient with a shoulder disarticulation and
targeted muscle reinnervation. Sensory nerves grew to the
surface of the patient’s chest so that when certain stimuli were
given, the signals were felt in the missing hand. (Courtesy of
Rehabilitation Institute of Chicago, Chicago, IL.)

Figure 11

Clinical photograph of a woman with a
transfemoral amputation demonstrating voluntary control of
knee flexion in a virtual human while using an EMG pattern
recognition classifier. (Courtesy of Rehabilitation Institute of
Chicago, Chicago, IL.)

Lower Limb Fitting
Several variables distinguish TMR of the lower limb from the upper limb.
Although the benefits of preventive neuroma management34-36 may be
applied to both appendages, the use of lower limb TMR for this benefit has
superseded its applicability for prosthetic control compared with upper
limb TMR. Studies have proven that the lower limb, most notably the
thigh, has important motor points to which the nerves could be
reinnervated.34 To date, few powered lower limb components are
available, and of those available, limited benefit exists for EMG data that
may be generated from lower limb TMR.37-40 However, individuals with
transfemoral amputations have generated EMG data to effectively flex and
extend the knee and plantarflex and dorsiflex the ankle in powered
prostheses, with the added control of internal and external rotation of the
hip and internal and external rotation of the lower leg in virtual reality38-40

(Figure 11). These achievements have been accomplished by
incorporating electrodes within the user’s socket (Figure 12) and using
pattern recognition algorithms to interpret the EMG data in both TMR and
non-TMR recipients.37-40 One individual with TMR of the posterior thigh
with a knee disarticulation was tested with a powered lower limb
prosthesis ambulating over level ground, up and down ramps, and up and
down stairs. It was found that the classification accuracy was greater for
this individual with TMR compared with the non-TMR participants who
had been tested.39 As advancements in powered lower limb prostheses
continue and transition to true myoelectrically controlled devices, the
potential for lower limb TMR to enhance the prosthetic control of these
devices will increase accordingly.

Figure 12

Photograph of a transfemoral socket with remote
electrodes incorporated to collect electromyographic data while
the user is ambulating with the prosthesis. (Courtesy of
Rehabilitation Institute of Chicago, Chicago, IL.)

Summary
Fitting myoelectric prostheses can be challenging because of the lack of a
direct correlation between the remaining EMG source(s) from the user and
the actions required by the device. The addition of a TMR procedure
enables some individuals with amputations to have physiologically
appropriate signals and additional data available to control the multiple

motions of their prostheses. The prosthetist should have a thorough
understanding of myoelectric control and the additional benefits of TMR
to provide successful fittings. The prosthetist and entire rehabilitation team
must be familiar with the different fitting and training strategies that can be
used for TMR candidates. TMR, in conjunction with traditional EMG
control, has enhanced control of transhumeral and shoulder disarticulation
prostheses. In the future, the development of advanced pattern recognition
control and sensory reinnervation will likely add to the benefits of this
surgical procedure and improve outcomes for users of upper and lower
limb myoelectric prostheses.
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Chapter 29

Upper Limb Prosthetic
Training and Occupational
Therapy
Sandra Fletchall, OTR/L, CHT, MPA, FAOTA

Abstract
To assist an individual with upper limb loss in improving functional
performance and the ability to return to work, the occupational therapist
should provide services for preprosthetic and postprosthetic programs. The
preprosthetic program is focused on edema and pain reduction, wound care,
general strengthening, and gaining specific personal care skills. The
postprosthetic program begins with delivery of a device and progresses to
training in activities of daily living and work skills important to a particular
user.

Keywords: occupational therapy; upper limb amputation;
upper limb outcomes; upper limb prosthetic training
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anything of value from or has stock or stock options held in a commercial
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chapter.

Introduction
More than 80% of upper limb amputations in the United States are
performed after a traumatic injury.1 The remaining upper limb
amputations are necessitated by a congenital deficiency or a medical
condition such as end-stage renal disease or cancer. Four times as many
men as women undergo upper limb amputation, and most patients are 15
to 30 years old.2
The loss of an upper limb at any level influences the ability to

participate in tasks and other activities. According to the American
Medical Association, amputation of a single digit leads to hand
impairment of 20% to 40%.3 The loss of an upper limb below the elbow
can lead to 70% impairment, and shoulder disarticulation causes as much
as 90% impairment. Upper limb loss at any level, especially if it is the
result of trauma, can also lead to a change in roles within the family,
home, community, and work environments. A structured occupational
therapy program can facilitate an individual’s efforts to develop skills for
returning to his or her highest level of functional independence.

Preprosthetic Therapy
Because of the traumatic nature of most upper limb amputations, it is
usually not possible to plan a preoperative occupational therapy program.
During the short time between the injury and amputation, patients and their
families often need information on the abilities and skills that can be
acquired after surgery. This information should include a plan for
postoperative, preprosthetic occupational therapy, because all patients
benefit from such therapy immediately after an amputation.
The literature supports the value of expediting prosthetic training after
upper limb amputation. In one study, patients who were fitted and trained
in the use of a prosthesis within 4 to 6 weeks after amputation were found
to be more successful in long-term prosthesis use than those who received
a later postoperative fitting and delayed training.4 Another study found
that individuals who were fitted within 6 months of amputation were likely
to achieve long-term functional prosthesis use.5 Preprosthetic training can
expedite the patient’s preparation for prosthetic fitting and training.
A timely preprosthetic therapy program should focus on the issues of
movement, strength, edema, self-care, independence, education, and
preparation for prosthetic training. An experienced rehabilitation team
specializing in upper limb loss can aid in formulating a plan for early
preprosthetic treatment and follow-up care. Although instruction in
essential movement and strength is useful even after a prosthesis is fitted
and the training program is well underway, it is advantageous to begin
adjustment and adaptation as early as possible during a preprosthetic
program; this allows a smooth transition into a prosthetic training program.
A home assessment can be completed, and associated recommendations
can be made during the preprosthetic phase.

Many patients are discharged from the hospital a few days after the
surgery and are able to immediately begin a preprosthetic occupational
therapy program. The treatment program should provide emotional support
and structure in addition to wound care, edema reduction, residual limb
shaping, soft-tissue elongation, joint movement, core strengthening, and
training in endurance, selected self-care tasks, and changing hand
dominance, if necessary.6 The duration of a therapy program is influenced
by the number of limbs amputated as well as the amputation level and the
patient’s cognitive function, executive skills, support system, and funding
source.

Figure 1

Photographs showing the use of compression for
residual limb shaping and edema reduction. A, A self-adherent
elastic wrap used after a partial hand amputation. B, A figureof-8 elastic compression bandage was used after a
transhumeral amputation. (Courtesy of Rehabilitation Institute
of Chicago, Chicago, IL.)

Immediate Postoperative Considerations
Wound Care
A residual limb with wounds or a primary closure site with staples can be
cleaned with antibacterial soap and water and covered with a silver-type
wound dressing. The use of a silver-type dressing can reduce the risk of
wound complications, edema, or biofilm formation.7 If a mesh skin graft
or sheet graft was surgically applied to the residual limb, close inspection
may be required during the first 10 to 14 postoperative days to maintain
the proper moisture environment for the graft and to express hematoma or

serous fluid as needed.
Whether they are well closed with native tissue, have been treated with
grafts, or have healing wounds, most residual limbs benefit from the
application of a figure-of-8 elastic compression bandage to stabilize the
dressing and begin edema reduction. Many patients with unilateral upper
limb loss can be instructed in appropriate wound care and limb
management in the early postoperative period. A caregiver may need to be
trained if the patient has bilateral upper limb loss.

Edema Reduction and Residual Limb Shaping
Prolonged edema can lead to residual limb pain, poor wound healing,
increased firmness of scar tissue, and a poor residual limb shape. Edema
reduction can be initiated with the use of an elastic compression bandage
even if wounds are still present. The application of bandage pressure can
increase the pliability of scar tissue and thereby limit pain and skin
irritation. Continuous compression is recommended until the scar tissue
matures 12 to 18 months after wound closure. After a partial hand
amputation, a self-adherent elastic wrap can be used to apply pressure
(Figure 1). For a transradial or transhumeral amputation, a 3- or 4-inch
elastic compression bandage can be used. After a shoulder disarticulation,
initial pressure from a 4- to 6-inch elastic compression bandage
encompassing the trunk is beneficial, with subsequent use of a noncustom,
moisture-wicking compression garment.
Elastic bandage compression should be used until wounds are
sufficiently healed to tolerate the shear forces produced when a residual
limb shrinker is donned. An upper limb residual shrinker can be fabricated
from compressive materials (Figure 2). Both elastic compression
bandages and residual limb shrinkers have been shown to reduce residual
limb edema, but the skilled use of an elastic compression bandage can
facilitate greater edema reduction in less time than the use of a shrinker.8
The early application of compression also begins residual limb shaping,
which can lead to easy donning of the prosthetic socket and minimize
development of redundant soft tissue. A conical residual limb shape is the
goal. Even after successful prosthetic fitting, continued use of a residual
limb shrinker or elastic compression bandage may be required throughout
the first year after the amputation whenever the prosthesis is not being
worn; this will continue the process of edema reduction and limb shaping.

Figure 2

Clinical photograph of a patient with a residual limb
shrinker fabricated by an occupational therapist. (Courtesy of
Rehabilitation Institute of Chicago, Chicago, IL.)

Pain Reduction
Ninety-five percent of individuals with upper limb loss secondary to
trauma report phantom limb sensation or pain, residual limb pain, or
nonamputated limb pain.9,10 The type and level of upper limb pain should
be assessed during preprosthetic treatment. In phantom limb sensation, the
amputee feels that he or she is experiencing various sensations in all or
part of the amputated limb; these sensations may include a feeling of
movement in the phantom limb. Phantom limb pain includes sensations
that can be described as burning, twisting, shooting, squeezing, cramping,
or dull aching of the amputated body part. Residual limb pain may be the
result of the initial injury, the amputation surgery, persistent wounds, or

neuromas. In addition, the contralateral, nonamputated upper limb should
be assessed for pain resulting from a previously undiagnosed injury, an
overuse syndrome, cumulative trauma, or a repetitive stress injury.11-13
The early application of firm pressure, such as pressure applied with an
elastic compression bandage, can reduce nerve or wound irritation, pain
from edema, and sometimes phantom limb pain. The therapist also may
need to use visual feedback, guided mental motor imagery, or mirror or
visual therapy to treat phantom limb sensation or phantom limb pain
(Figure 3). Many individuals can be trained to use these techniques while
in the clinic and then progress to incorporating the techniques into the
home and work environments. Structured, guided visual feedback
techniques can be used to reduce selected pain issues by means of cortical
reorganization.14-17 In contrast, the use of electrical modalities was found
to lead to only minimal pain reduction.18,19
In comparison with the general population, individuals with upper limb
loss are more likely to have an overuse pain syndrome, most commonly
affecting the neck, lower back, and/or shoulder.11 Individuals with
unilateral upper limb loss often report lateral epicondylitis, carpal tunnel
syndrome, cubital tunnel syndrome, or stenosing tenosynovitis in the
contralateral upper limb. A simple off-the-shelf orthosis may be useful in
managing an overuse syndrome in the contralateral upper limb (Figure 4).

Figure 3

Photograph showing the use of mirror therapy to
achieve pain reduction. Mirror therapy assists with decreasing
the pain cycle in the amputated limb by watching the reflection
of movement of the nonamputated limb in a mirror; this creates
positive feedback in the motor cortex of the brain. (Courtesy of
Rehabilitation Institute of Chicago, Chicago, IL.)

Flexibility, strength, and correct mechanics can help alleviate pain.
Accordingly, preprosthetic and postprosthetic occupational therapy should
include an emphasis on increasing and maintaining flexibility of the trunk
and extremities. In addition, the therapy program should focus on
strengthening associated muscle groups and providing instruction in
appropriate body and arm mechanics and posture.
Positive coping skills related to anger and stress also are useful in
managing pain. An individual with limited or poor coping skills or a
tendency to depression may benefit from early integration of positive
coping skills into the therapy program, with reinforcement from the
individual’s support system.
A medical professional who is experienced and knowledgeable in limb
loss treatment can provide additional techniques for pain reduction.20 The
therapist should continue to assess the individual for overuse syndrome
issues related to changes in work, avocational activities, or aging.
Techniques to minimize pain and enhance a return to function should be
used as needed.

Figure 4

Photograph showing the use of a noncustom
armband and wrist support orthosis to assist with pain reduction
associated with lateral epicondylitis in the nonamputated limb.
(Courtesy of Rehabilitation Institute of Chicago, Chicago, IL.)

Preprosthetic Program Essentials
Limb and Core Assessment and Treatment
The therapist’s assessment should not be limited to the affected limb
because other body areas may also require treatment. The range-of-motion
assessment should include joint and soft-tissue movement in both the
limbs and the trunk. Soft-tissue limitations can be promptly treated with an
aggressive elongation program focusing on increasing trunk flexibility and
active movement of the upper and lower limbs. Similarly, a strengthening
program can minimize abnormal trunk, back, and limb changes secondary
to upper limb amputation.21 In bilateral upper limb loss, progressive
treatment to bring both upper limbs to midline can be useful in
implementing preprosthetic self-care tasks (Figure 5).

Figure 5

Photograph showing midline use of the residual
limbs in a person with bilateral upper limb loss. The patient is
using a universal cuff with a low thermoplastic pointer/turner
fabricated by the occupational therapist. (Courtesy of
Rehabilitation Institute of Chicago, Chicago, IL.)

General age-based physical fitness assessments can be used to identify
the physical condition of the individual and the general safety skills
needed for the home environment.22 Muscle strength can be assessed by
manual muscle examination, as needed. Assessment of peripheral nerve
function is sometimes indicated because peripheral nerve dysfunction can
limit voluntary muscle function and may require the therapist to develop a
treatment program that will compensate for the losses and allow
independence in activities of daily living.
The preprosthetic therapy program can initiate both core and extremity
endurance and strengthening tasks. Core stabilization during resistive
upper limb exercises can prepare the individual for assuming the weight of
the prosthesis (Figure 6). Good muscle strength can allow relatively rapid
progression to extended periods of prosthesis use. Similarly, increasing
cardiovascular endurance contributes to a tolerance for wearing and using
an upper limb prosthesis.

Figure

6

Photographs showing an individual with
quadrilateral limb loss training to improve core and extremity
strength (A) and cardiovascular endurance (B). (Courtesy of
Rehabilitation Institute of Chicago, Chicago, IL.)

Perceptual Motor Skills
Perceptual motor skills influence the ability to resume dynamic balance
and change hand dominance. A brief assessment of perceptual motor
skills, including hand-eye coordination, body-eye coordination, postural
adjustment, and visual skills, helps the therapist determine how to provide
training for new tasks and functional prosthesis use.23

Preprosthetic Self-Care Training
Before beginning training to use a prosthesis, an individual with unilateral
upper limb loss can benefit from training that will help him or her become
independent in cutting food, tying shoes, bathing, and donning upper torso
garments. For individuals with bilateral upper limb loss, adaptive
equipment is used for training in self-feeding, grooming and hygiene tasks,
showering, and donning upper torso garments (Fig-ure 7). The efficient
performance of self-care tasks is influenced by total body endurance,
strength, and flexibility. For those individuals with limited perceptual
motor skills or difficulty in transferring newly learned skills to multiple
tasks, repetitive training in the clinic can enhance the timeliness and
efficiency of performance in preparation for using self-care skills outside
of the clinic.

Home Assessment
For more complex cases, such as individuals affected by bilateral limb
loss, a home assessment should be completed before prosthetic training
begins. The basic home recommendations should include independence in
entering and leaving the home, showering (including turning the water on
and off and washing the body), toileting, removing items from the
refrigerator or microwave oven, and managing internal doors and light
switches. Many individuals benefit from instruction in the use of electronic
technology for managing door entrances, lights, and other items in the
home. Architectural modifications may be recommended, if funding
allows. If architectural modifications cannot be considered, the
recommendations can emphasize portable devices, especially for the
bathroom, that can be relocated to another residence.

Support System
An individual’s ability to regain function can be fostered by appropriate
family, community, work, and school support systems. Each support
system should be assessed to determine the feasibility of integrating it into
the rehabilitation program. The therapist should understand the
individual’s family, community, work, and school roles in the interest of
assisting in the resumption of medically, physically, and emotionally
appropriate aspects of these roles. Having the ability to interact with others
in previously established roles contributes to reestablishing a sense of selfworth. Shared occupational therapy treatment sessions for individuals with
a similar limb loss can serve as an important additional source of support.

Figure

7

Photographs showing an individual with
quadrilateral limb loss using an adaptive device for self-care (A)
and an individual with bilateral upper limb amputation using an
adaptive device for feeding (B). (Courtesy of Rehabilitation
Institute of Chicago, Chicago, IL.)

Sleep Patterns
Referral to a psychologist or the attending physician is indicated if the
individual’s sleep habits have changed since the amputation. A change in
sleep pattern is common and may be attributable to the use of pain
medication, recent surgery, reduced physical activity, or emotional
responses. Often the sleep pattern improves with a structured therapistinitiated program to enhance total body endurance and strength.

Hand Dominance
If the dominant hand was part of the amputated limb, the therapist can
begin hand dominance retraining activities as part of the preprosthetic
program. Changing the hand dominance affects handwriting, keyboard
use, and dexterity in work-related tasks and activities of daily living.
Specific computer software may be useful for increasing keyboard speed
and accuracy.

Types of Prostheses and Prosthetic Control
Motor and Movement Skills for Prosthetic Function
The goal of the preprosthetic therapy program is to sufficiently increase
endurance, mobility, and strength to allow multiple hours of daily
prosthesis use. During the preprosthetic program, the individual can be
trained in the motor skills or movement needed for operating the
anticipated prosthesis. However, the style and operation of the prosthesis
must be determined in consultation with a prosthetist who is
knowledgeable about upper limb amputations.

Body-Powered Prosthesis
The use of a body-powered prosthesis after a transradial or transhumeral
amputation requires scapular abduction training, with strengthening of the
serratus anterior, pectoralis major, and pectoralis minor muscles. Scapular
abduction is commonly used to create tension through a control cable that
operates the terminal device. In addition, an individual with a transhumeral
amputation must work on strengthening the movements of scapular
depression with shoulder extension because these movements may be
needed for operating the cable that will lock and unlock the elbow.

Myoelectric Prosthesis
A myoelectric prosthesis uses electromyographic signals captured through
surface electrodes in the prosthetic socket. In consultation with the
prosthetist, the therapist should identify one or more muscle groups
appropriate for this use. Individuals with a transradial amputation often use
two-site muscle control composed of forearm flexors and extensors. The
therapist should provide a program to increase the endurance of the
forearm muscles to allow a long period of daily myoelectric prosthesis use.
The voluntary firing of the forearm muscle groups must be independent of
the position of the elbow or shoulder to allow functional use of the
prosthesis in multiple degrees of movement. An individual with a
transhumeral amputation can often use upper arm elbow flexors and
extensors to operate the terminal device and elbow. Preprosthetic training
should include the general strengthening and endurance of these muscle
groups as well as their discrete control in different shoulder positions.
Throughout the training, the individual should be reminded to avoid using
the myoelectric prosthesis in activities involving moisture, vibration, dust,
or high voltage.

Figure 8

Photograph showing a body-powered prosthesis
(center) with interchangeable hook and hand terminal devices
(left and right, respectively). Hooks are available in various
sizes and opening capabilities. (Courtesy of Rehabilitation
Institute of Chicago, Chicago, IL.)

Hybrid Prosthesis
A hybrid prosthesis can be used after a transhumeral or forequarter
amputation or a shoulder disarticulation. Prosthetic component operation
at these proximal amputation levels can include control of a terminal
device as well as wrist, forearm, elbow, and shoulder joint movement. In
close consultation with the treating prosthetist, the therapist should identify
the movements and muscle functions needed for operating the proposed
prosthetic components and develop a program to increase the individual’s
endurance in preparation for use of the prosthesis.

Targeted Muscle Reinnervation
Targeted muscle reinnervation and associated follow-up consultations on
the design of the proposed prosthesis as well as any training on its use
should be performed at a medical center that specializes in this unique
treatment. Until the muscles are fully innervated, the individual should be
fitted and trained with a myoelectric or hybrid prosthesis. After targeted
muscle reinnervation surgery, the therapy program should focus on
developing motor patterns for eliciting muscle contraction of the
amputated limb. Time is required for the nerve to reinnervate muscles of
the upper torso, and a program of 3 to 6 months or longer may be required.

Terminal Devices
The many functions of the hand cannot be effectively reproduced by a
single prosthetic terminal device. However, appropriately designed
interchangeable terminal devices can serve in multiple activity-related
functions. Most individuals with a body-powered prosthesis choose the
functional utility of a hook-style terminal device, but a hand terminal
device can be used in social environments (Figure 8). Those individuals
with a myoelectric or hybrid prosthesis can use interchangeable terminal
devices including a basic hand, a multifunctional hand, an electronic
terminal device, or a Greifer (Ottobock) (Figure 9). Some terminal devices
are effective for most daily activities and should be the focus of training.

Others are used only for specific activities, but require training in proper
use and storage. The user should be instructed on which terminal devices
are appropriate for strenuous activity or in the presence of moisture, dust,
or vibration.

Prosthetic Training
The therapist should ensure a smooth transition from the preprosthetic
program into the prosthetic skills training program, usually as soon as the
prosthesis is delivered.

Initial Training Sessions
Prosthetic training should begin with terminology, component function
and operation, time-efficient donning and doffing of the prosthesis,
residual limb care, and general prosthesis maintenance. For many with a
transhumeral or transradial amputation, the prosthesis is donned using an
overhead technique (Figure 10). For those with a shoulder disarticulation
or forequarter amputation, donning often can be accomplished in a manner
similar to donning of a front-opening garment. Some individuals with
bilateral upper limb loss need to use a prosthetic dressing tree, which is
custom designed and fabricated based on the individual’s flexibility, motor
skills, and balance. The donning method ultimately is based on the
individual’s functional abilities, which may be influenced by the presence
of other injuries as well as flexibility and muscle strength. Training in the
general maintenance of the prosthesis includes topics such as application
of tension bands to a body-powered hook and changing terminal devices.

Control Training
Control training should be done separately for each prosthetic component.
As each prosthetic operation is mastered, a subsequent operation is added.
Training should progress from tabletop activities to the use of the
prosthesis while standing or reaching (Figure 11). Control training often
begins with the patient manipulating unbreakable items positioned on a
table and progresses to fragile or crushable items. The patient should
attempt to move the objects from the table to each side of the body and to
the midline. Learning to open the terminal device to the specific diameter
of the object being manipulated increases the efficiency of prosthetic
function and minimizes the use of other body parts. The training

progresses to prepositioning of the terminal device, wrist, forearm, elbow,
and shoulder before engaging in an activity. Continued training leads to
prosthesis use while the opposite limb or the body is in motion. Prosthesis
use in coordination with other body movements can facilitate the
transference of skills to complex activities.

Self-Care, Activities of Daily Living, and Work Tasks
Integration of the prosthesis into self-care tasks should begin when success
with component operation has been achieved. The use of the prosthesis in
these activities should be reinforced because the individual may have
become independent in some tasks before receiving the prosthesis. Using
the prosthesis to perform these core tasks will positively affect its overall
usage rate and may minimize overuse or stress injuries to other body areas.

Figure 9

Photograph showing a myoelectric prosthesis
(center) with a variety of terminal devices (left to right): an
interchangeable hand, an electronic terminal device, and a
Greifer (Ottobock). (Courtesy of Rehabilitation Institute of
Chicago, Chicago, IL.)

Figure 10

Photographs showing the use of an overhead
prosthesis donning method by a person with unilateral limb loss
(A) and a person with bilateral limb loss (B).

Training should progress to basic meal preparation tasks and skills
required for independent living (Figure 12). Training to incorporate
prosthesis use into child care may be important (Figure 13). The
individual should also learn how to safely carry items using the prosthesis
(Figure 14). Ultimately, there should be a progression from home and
community tasks to lifting, carrying, and work-related tasks. Instruction
must be provided on the dynamic and static lift abilities of the prosthetic
components and should be reinforced to minimize component failure,
residual-limb skin irritation, and the potential for an overuse syndrome.

Figure 11

Photographs showing the progression of
prosthesis and terminal device control training in individuals
with upper limb loss. A, A tabletop-activity competition using
unbreakable objects. B, Manipulation of fragile objects. C,
Positioning of objects at the midline of the body. D, Overhead
reaching. (Courtesy of Rehabilitation Institute of Chicago,
Chicago, IL.)

Training in the use of the prosthesis in homemaking, work tasks, and
leisure activities must include prepositioning of the prosthetic components
and proper body and arm positioning to minimize the risk of overuse
syndromes. With appropriate training, most individuals can acquire
independence in self-care and selected homemaking and work activities
without the need to frequently change the terminal device (Figure 15). A
return to work may require the therapist to complete an onsite work
assessment and recommend environmental modifications, assistive
technologies, or ways to integrate the prosthesis into work tasks. The

onsite work assessment may also result in the need for changes in the
prosthesis or additional occupational therapy sessions.

Leisure Activities and Mobility
Many people with a unilateral or bilateral upper limb amputation wish to
resume driving an automobile and can benefit from assessment or training
by a certified driver rehabilitation specialist (Figure 16). A therapist can
help individuals seeking to regain or obtain a driver’s license. The
therapist’s assessment of preinjury activities can determine whether
adaptations are needed for operating special equipment such as a lawn
mower, a boat, an all-terrain vehicle, or a tractor. The therapist should
inquire about leisure pursuits and provide recommendations and training to
allow a return to preinjury activities. For those with a specific avocational
interest, referrals to established resources or groups may be appropriate.
For many individuals, a return to a preinjury activity such as hunting,
fishing, golfing, or swimming can improve self-esteem and emotional
outlook (Figure 17). Some individuals may benefit from information
about or exposure to Paralympic or other competitive adaptive sports
activities. Not-for-profit organizations devoted to the welfare of
individuals living with an amputation may be helpful in locating local
agencies.

Figure 12

Photographs showing the use of a shoulder
disarticulation prosthesis for support in meal preparation (A)
and for functional tasks, such as packing a suitcase (B).
(Courtesy of Rehabilitation Institute of Chicago, Chicago, IL.)

The Effect of Prosthetic Training on Outcomes
Promoting Long-term Use of a Prosthesis
The goal of an occupational therapy prosthetic training program is to
facilitate the individual’s return to preinjury activities in the home,
community, school, and work environments. Sustained use of a prosthesis
can be compromised if training is not provided immediately after fitting
and delivery of a prosthesis. Structured sessions can have a direct,
measurably positive effect on the long-term use of a prosthesis.24-26 In a
study comparing the effects of preprosthetic therapy on prosthesis use, two
groups of individuals with upper limb amputation were compared.
Members of the first group received early occupational therapy and
preprosthetic training lasting an average 7.16 weeks from the date of injury
to the prosthetic fitting. Those in the second group received delayed
prosthetic training of an average 41.04 weeks’ duration from the date of
injury to the prosthetic fitting. One year after completing their program,
98% of the members of the first group were using their prosthesis, and
74% had returned to work or school. Among members of the second
group, the percentages were approximately 56% for both outcomes.27 This
study showed that early, aggressive preprosthetic occupational therapy
training leads to improved outcomes for users of a prosthesis.

Figure 13

Photograph showing training for tasks related to
child care. (Courtesy of Rehabilitation Institute of Chicago,
Chicago, IL.)

Figure 14

Photographs showing training in positioning and
carrying a food tray (A) and a heavy load (B). (Courtesy of
Rehabilitation Institute of Chicago, Chicago, IL.)

Figure 15

Photographs showing the use of prostheses in job
tasks. A, A body-powered transradial prosthesis used in tool
manipulation. B, An M-finger (Partial Hand Solutions) cabledriven prosthesis being used by an individual to accomplish a
task involving electrical wiring. (Courtesy of Rehabilitation
Institute of Chicago, Chicago, IL.)

Figure 16

Photograph showing a person with bilateral upper
limb amputation and a unilateral prosthesis buckling a seatbelt.
Training for driving resumption should progress from seatbelt
buckling to door and steering wheel manipulation. (Courtesy of
Rehabilitation Institute of Chicago, Chicago, IL.)

Expediting Progress Toward Prosthetic Goals
Frequent therapy sessions serve to reinforce and enhance learning and skill
retention related to prosthesis use. Clinical trials have reported on
individuals who underwent treatment two or three times a week.28,29
However, those who received treatment 5 days per week for 2 to 4 hours
each day made more rapid progress in prosthesis use and daily wear,
which led to an earlier return to work.
Individuals with difficulty in processing new information, those with
amputation at a high level, or those with bilateral upper limb loss need
additional time to learn and implement self-care techniques and to

incorporate the movements and muscle function required for operating the
prosthesis. Some individuals can achieve successful prosthetic operation
within the first 15 to 20 hours of training, but others require a longer
period of occupational therapy.30

Figure 17

Photographs showing prosthesis use in activities
that require good body-arm function and a high level of
prosthetic skills. A, Bilateral prostheses used to operate a
hunting rifle; information and training can minimize the need for
changes to the gunstock. B, A unilateral prosthesis used to
operate a power saw. (Courtesy of Rehabilitation Institute of
Chicago, Chicago, IL.)

Long-Term Considerations
Individuals with a traumatic upper limb amputation are usually younger
and healthier at the time of injury than those with a lower limb
amputation.1,2 After completion of an upper limb prosthetic occupational
therapy program, scheduled, structured annual or semiannual follow-up
visits to an amputee rehabilitation team are useful to monitor the need for
prosthetic repair, replacement, or upgrade; treat skin issues; minimize pain
from an overuse syndrome; and preserve functionality throughout the
aging process.
Atrophy of the residual limb is exacerbated if the original amputation
required soft-tissue loss and skin graft coverage. The identification of skin
issues in the clinic can minimize time away from prosthesis use and may
provide justification for socket replacement or a change in style or
components. Individuals should be advised to contact the rehabilitation

team if a neuroma, skin sensitivity, or overuse syndrome arises between
appointments.

Life-Care Planning
Life-care plans are often required for individuals when a workers’
compensation determination or legal claim is involved. The occupational
therapist’s contribution to a life-care plan should be based on general
knowledge of upper limb amputation and prosthetic devices and detailed
knowledge of the individual’s medical and emotional condition, prosthesis
use, and support system. This information can inform decisions related to
funding for future medical, prosthesis, and training needs over the
individual’s lifetime.

Summary
Preprosthetic and postprosthetic occupational therapy can foster a faster
return to function for an individual with upper limb loss. Immediate and
frequent occupational therapy after prosthesis delivery can enhance the
incorporation of the device into daily activities and work tasks. Structured
long-term follow-up at an amputee clinic can assist the individual with
remaining function throughout the aging process and can provide rationale
for prosthetic changes.
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Chapter 30

Upper Limb Adaptive
Prostheses for Vocation and
Recreation
Robert Radocy, MSc

Abstract
Adaptive prostheses have evolved substantially over the past 30 years,
becoming a viable and cost-effective solution that meets the challenges
encountered by many users of upper limb prostheses. Adaptive prostheses
include technologies for both recreational and vocational applications.
Various factors have caused the growth in this area of prosthetic technology,
including changes in the Healthcare Common Procedure Coding System. In
many instances, adaptive components require very sophisticated, highperformance or unusual prosthetic designs that emphasize function and
biomechanics over appearance. A wide variety of quick-disconnect devices,
vocationally oriented tools, and domestic implement devices are now
available for patients. A broad array of sports and recreational adapters
provide the opportunity for patients with hand absences to participate and be
competitive in activities ranging from archery to kayaking to weight lifting.
Specific adaptive solutions for many activities are explored in detail.
Contributors to this growing field of technology are identified and various
references and resources provided.
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prosthesis; sports and recreation; upper limb; vocation
Mr. Radocy or an immediate family member is an employee of Therapeutic
Recreation Systems (TRS); serves as an unpaid consultant to TRS; has
received nonincome support (such as equipment or services), commercially
derived honoraria, or other non-research–related funding (such as paid
travel) from TRS; and serves as a board member, owner, officer, or
committee member of Association of Children’s Prosthetic and Orthotic
Clinics.

Introduction
The adaptive or activity-specific prosthesis for an upper limb absence is
typically designed to fulfill limited tasks and activities but with a higher
level of performance. The term activity-specific replaced the general
reference for sports and recreational prosthetic adaptations in the late
1990s. An activity-specific or adaptive prosthesis has a broad definition
that references both vocational and avocational designs. This type of
prosthesis can differ from a traditional prosthesis in various ways. In most
instances, the activity-specific prosthetic limb and distal component (or
terminal device) focus on a targeted function. Replicating correct human
hand or upper limb anatomic features is not the primary goal in these
components. Rather, the design emphasis is on duplicating precise upper
limb biomechanics and, in many cases, high-performance function. These
prostheses are designed and constructed to enable the user to achieve
higher levels of competency and performance in specific activities in
which neither traditional body-powered nor externally powered prostheses
can functionally, realistically, or reliably perform.1
Early commercial designs for activity-specific terminal devices such as
the Bowling Ball Adaptor (Hosmer) and Baseball Glove Adaptor
(Hosmer) date back to the 1950s. Between the 1950s and the early 1980s,
no substantial efforts were undertaken to develop the market for activityspecific devices, except for a prosthetic golf terminal device that was built
on a limited basis. Most commercially available, innovative, activityspecific prosthetic adaptations were introduced in the 1990s. In the early to
mid 2000s, the demand for high-quality, commercially built, adaptive
devices began to increase. Published articles and educational textbooks on
activity-specific prosthetic technology are somewhat limited, but relevant
literature is available.2-8
Several motivating forces have contributed to the development of
activity-specific prostheses. Beginning in the 1970s, physically challenged
individuals became more visible to the public as they began to engage in
athletic activities such as snow skiing. Simultaneously, college educational
programs began to develop disciplines such as adaptive sports and
therapeutic recreation, resulting in professionals trained with an academic
focus in these areas. Concurrently, many patients with upper limb absences
began demanding prosthetic devices to improve their capabilities to return
to participation in activities performed before amputation.9 During this
period, the psychologic values of reimmersion into sports and recreation

activities in the rehabilitation scheme of those with a limb absence began
to develop.
In the 1980s and early 1990s, several commercial businesses were
formed to manufacture and sell standardized, activity-specific prosthetic
components. Some of these designs were oriented toward adaptive sports
and recreational technology, whereas others were targeted to provide
specialized hand tool attachments and implements for domestic use. Both
types of technologies were designed to enhance the functional capabilities
of prosthesis users, allowing them to be more competitive in two-handed
tasks.
The evolution, growth, and popularity of national sports organizations
for the disabled, including Disabled Sports USA, the National Amputee
Golf Association, and Physically Challenged Bowhunters of America,
have increased interest in adaptive prosthetic technologies. Similarly,
specialized competitions and games for physically challenged athletes
have further contributed to the growth and interest in activity-specific
prostheses. The Paralympics gave credence to the athletic movement for
the physically challenged and increased interest in activity-specific or
adaptive prosthetic technologies.
Improved representation and exposure for amputee athletes and
amputee role models via national organizations such as the Amputee
Coalition of America and the Challenged Athletes Foundation have further
expanded information and communication between prosthesis users
interested in athletic pursuits and new adaptive technologies.
Simultaneously, the rapid expansion of communication, information, and
data via the Internet and social media have expanded and created interest
in new prosthetic technologies.
More recently, the demands placed on US military rehabilitation
hospitals by young, strong but physically traumatized military personnel
returning from the wars in Iraq and Afghanistan played an important role
in the development of new and innovative designs for prostheses. These
facilities created state-of-the-art programs that actively integrated sports
reconditioning into comprehensive rehabilitation programs for military
personnel.
Insurance companies began to recognize the health values and
psychologic benefits of adaptive prosthetic technologies in rehabilitation.
Reimbursement for activity-specific or adaptive upper limb prosthetic
technology has expanded and improved, but it still is not adequate for

those with a limb absence.
In 2009, the Healthcare Common Procedure Coding System (HCPCS)
created the L6704 billing code to provide coverage and reimbursement for
terminal devices designed for specialized work, sports, and recreational
activities. Creating this code was an important step for HCPCS in
recognizing the importance and value of activity-specific or adaptive
prosthetic technology in the overall rehabilitation of patients with an upper
limb absence.
Cost and affordability are factors related to the use and increasing
number of activity-specific prostheses. At a time when bionic technologies
have captured the attention of both the media and the general public, the
reality for the prosthesis user is that extremely expensive, externally
powered prostheses are not capable of reliable performance in most sports
or vocational activities with demanding bimanual skill requirements.
Activity-specific technologies are much more affordable and typically
have much higher levels of reliable function and performance in many
activities compared with bionic prostheses. In addition, an adaptive
prosthesis can complement and augment the capability of a bionic
prosthesis user, providing greater longevity to the bionic prosthesis by
offering a substitute for its use in inappropriate environments and
inadvisable tasks. The activity-specific prosthesis can be the workhorse for
all physically and functionally demanding vocational and avocational
pursuits, whereas the bionic or myoelectric limb can complete other lessdemanding but important user functions.

Prosthetic Interfaces and Limb Design
Activity-specific prostheses are typically used in high-force, high-stress,
and high-performance environments. They typically require a socket
(interface) design and construction that considers secure suspension,
residual limb comfort under both static and dynamic loads, range of
motion (ROM), physical weight, structural strength, ideal prosthesis
length, and prosthetic alignment relevant to load bearing.

Suspension
Various options are available to achieve a secure prosthetic suspension,
depending on limb morphology. The prosthetic platform can start with a
well-designed, self-suspending socket that enhances comfort, with a partial

liner encompassing the medial and lateral epicondyles and olecranon or a
polymer locking liner. Locking liners should always provide control for
longitudinal stretch in an upper limb socket to maintain secure suspension.
A short, residual limb prosthesis can be enhanced for load bearing by
extending the rear brim of the socket to distribute load to the back of the
humerus. Socket security can be augmented with technology that uses
tension system mechanisms. Socket design can pattern any number of
proven technologies or variants, depending on the patient’s needs and
requirements.10-12

Load Bearing and Comfort
The socket interface should be tested on the patient under both static and
dynamic loads to ensure that there are no localized pressure points that will
make the socket intolerable under dynamic loading. Certain liners can help
cushion the load, but will not replace a properly modified socket that
creates secure suspension and facilitates movement of the olecranon and
condyles throughout complete elbow flexion ROM. A well-designed
socket should provide enough comfort and security for the patient to
perform a pull-up or push-up without causing debilitating pinpoint pain in
the socket.

Physical Weight and Structural Strength
Typically, a lighter prosthesis is preferred if strength is not sacrificed.
Materials such as woven carbon fiber fabricated with appropriate,
compatible, high-strength carbon-acrylic resins in both the socket and the
forearm of the prosthesis provide a durable, lightweight limb suitable for
most activities.

Prosthesis Length
If necessary, the length of the prosthesis can conform to that of the normal
limb. Certain load control and biofeedback benefits can be achieved for the
user by shortening the overall length of the prosthesis, which moves the
terminal device closer to the residual limb. Using a shortened prosthesis to
provide a more stable platform for the terminal device is exemplified in
swimming prostheses (Figure 1).

Alignment
Specific activities, such as archery or weight lifting, can require that

prosthesis alignment be factored into the design to achieve optimal
performance. End weight bearing and balance are directly affected by the
degree to which the forearm of the prosthesis is preflexed from the socket.
The wrist mounting angle also affects load bearing and can affect
performance. Typically, a more neutrally aligned prosthesis (minimal
preflexion) performs better in sports activities in which a substantial
amount of gross motor motion occurs, because it allows increased degrees
of freedom through various body zones.

Activity-Specific Vocational Technology
Direct prosthetic tool and implement technology is not a recent idea. In
medieval periods, some knights and members of royalty who had lost a
limb were fitted with creative prostheses equipped with an integral dagger
or sword. In the 21st century, this concept has experienced a rebirth, and
the validity and viability of such designs continue to increase (Figures 2
and 3). In one instance, the initial inspiration for the development of
adaptive prosthetic components arose from an inventor’s passion for
cooking and frustration with being unable to adeptly handle carving
knives. Prototypes were developed for personal use, and a line of highly
functional adaptive tools was perfected. These devices were
complemented by the development of the N-Abler wrist interface (Texas
Assistive Devices) in the early 1990s. That multifunctional wrist interface
connects a variety of tools and implements to the prosthesis, allowing
precise flexion and rotation of the tools and implements in ways that were
not previously possible. These adaptive components are designed to make
the individual’s efforts more productive by expending less energy and
improving efficiency. These devices help to improve the user’s
independence and self-esteem.

Figure 1

Photograph shows a short swimming prosthesis.
(Reproduced with permission from TRS, Boulder, CO.)

Figure 2

Photograph showing some of the working tools that
can be attached to a prosthetic interface. (Reproduced with
permission from Texas Assistive Devices, Brazoria, TX.)

Figure 3

Photograph of domestic tools that are attachable to
a prosthetic interface. (Reproduced with permission from Texas
Assistive Devices, Brazoria, TX.)

Activity-Specific Adaptive, Sports, and Recreational
Technologies
The interest in prosthetic sports and recreation adaptive terminal devices
has increased substantially since the mid 2000s. The variety of devices
currently available provides those with a hand absence not only better
access to sport activities, but in many instances, a solid platform from
which to compete with two-handed peers. The key to achieving
competitive, high-performance capability in sports and recreation is an
emphasis on designing prostheses that replicate the natural biomechanics
required to perform an activity.

Adaptive Technologies for Specific Sports and
Recreational Activities
Ball Sports
Ball sports can be separated into those that require either unilateral or

bilateral function. Baseball and softball throwing are primarily unilateral
activities, whereas volleyball or basketball requires bilateral upper limb
participation. Simple, flexible, polymer terminal devices, such as the Super
Sport (TRS) and Free-Flex (TRS), simulate the volar surface of the palm,
providing much of the function used in controlling larger diameter balls
(for example, volleyballs, basketballs, and soccer balls) and are resilient
and strong enough to support body weight for activities such as push-ups
and handstands (Figure 4). These devices function well for both twohanded catching and ball tossing. They also provide a safe interface at the
end of the prosthesis for contact sports, protecting both the user and other
players from physical injury.

Figure 4

Photographs of the Super Sport and Free-Flex
terminal devices that can be used in ball catching and tossing.
(Reproduced with permission from TRS, Boulder, CO.)

More advanced prosthetic designs have been specifically designed for
basketball and volleyball (Figure 5). The competitive, unilateral throwing
of baseballs, softballs, and similarly sized sports balls using a prosthesis
was made possible by a prosthetic adapter with an adjustable, elastomer
support arm and ball-capturing cup system (Figure 6). Users with a
transradial amputation have the ability to throw a baseball with control and
accuracy at speeds greater than 50 mph and to distances exceeding 30
yards.
Many ball sports also involve the biomechanics and techniques of

catching. Typically, pronation and supination are used when fielding and
catching a ball. Fielding a ground ball (catching below the waist) usually
requires forearm supination, whereas fielding a fly ball (catching above the
waist) requires forearm pronation. Using a prosthetic adaptation, such as
the Baseball Glove Adaptor (Hosmer-Dorrance), allows a traditional first
baseman-type glove to be mounted onto an oversized, voluntary-opening
split hook but does not accommodate rapid pronation or supination of the
device. In the 1990s, The Hi Fly Fielder (TRS) replaced the traditional
glove with a modified lacrosse stick head and specialized oversized net.
The oversized net allows a ball to be caught either forehanded or
backhanded; eliminates the need for pronation and supination; and
provides a strong, lightweight platform for catching a baseball or softball.
The Double Play (Texas Assistive Devices) design is similar, but uses a
standard, lacrosse netting system instead of a dual-directional netting
design. This design requires pronation and supination of the device for
various catching and fielding situations.

Figure 5

Photographs of terminal devices for basketball. The
HP Hoopster (A) and Mill’s Rebound Pro Basketball Hand (B)
are shown. (Reproduced with permission from TRS, Boulder,
CO.)

Figure 6

Photographs of the Cobra baseball and softball
terminal devices. (Reproduced with permission from TRS,
Boulder, CO.)

Figure 7

Photographs of various models of terminal devices
used in tumbling, gymnastics, and yoga. (Reproduced with
permission from TRS, Boulder, CO.)

Tumbling, Gymnastics, Floor Exercise, and Yoga
Certain terminal devices can be applied successfully to tumbling,
gymnastics, floor exercise, and yoga because of their flexible strength,
stability, and resilient, nonslip surfaces (Figure 7). These devices provide
the cushioning, shock absorption, and other biomechanical properties
required to successfully and safely perform these activities.

Gymnastic activities that require the ability to hang and swing are also
challenging for those with a hand absence. Upper limb strength is required,
and it is essential that the prosthesis is designed to comfortably support the
full body weight of the user. An adaptive terminal device can allow a
gymnast to perform on the uneven parallel bars and accomplish more
straightforward exercises such as pull-ups (Figure 8).

Swimming and Pool–Based Therapeutic Exercise
For those with an absent hand, swimming without a prosthesis is possible,
but swimming with a customized swimming adapter or swimming
prosthesis can improve performance, propulsion, and therapeutic value by
adding resistance to the stroke. The Swim Fin Kit (TRS) is custom
fabricated to fit on the residual limb without a prosthesis (Figure 9, A).
Such fin-type devices provide water resistance that can be beneficial in
pool-based therapies in which upper body conditioning and strengthening
are goals. Other swimming devices require the use of a prosthesis. A short,
lightweight, customized swimming prosthesis can improve performance
when compared with a full-length prosthesis for those with mid to short
transradial absence or swimmers with a transhumeral absence. These
devices rely on a folding-fin or a butterfly wing design to enhance
swimming performance (Figure 9, B). Patients with a hand absence above
the midradial level have no ability to pronate and supinate or “feather” a
stiff, rigid paddle while swimming; this can result in exhaustion from
wasted energy. The folding-fin design eliminates the need for pronation
and supination, allowing water to flow past the device during arm retrieval
and then flare back open during the power stroke. This action conserves
energy and improves stroke efficiency by modulating resistance and
improving stroke volume for increased control, propulsion, and speed in
the water. These prostheses can be modified to conform to the surface area
and displacement of the swimmer’s hand if required for competition or as
a goal for physical therapy. The concept of a swimming adapter that
modulated water resistance originated with a Canadian prosthetist.13

Figure 8

Photographs of adaptive terminal devices that
allow a gymnast to hang and swing. (Reproduced with
permission from TRS, Boulder, CO.)

Figure 9

Photographs of the terminal devices for swimming.
The Freestyle Swim (A) and Swim Fin Kit (B) are shown.
(Reproduced with permission from TRS, Boulder, CO.)

Figure 10

Photographs of prehensile terminal devices.
(Reproduced with permission from TRS, Boulder, CO.)

Weight Training and Conditioning
Many children who are born with a congenital hand absence or an anomaly
are unable to physically challenge their affected limbs adequately to
stimulate balanced muscular and skeletal upper limb growth. As these
children become teenagers, many become more conscious of body image
and begin upper limb training regimens for body strengthening and muscle
balance. Other individuals are challenged with traumatic hand loss and
either wish to continue their pretrauma body conditioning activities or
begin exercise for therapeutic sports conditioning or body building.
Weight lifting and conditioning prostheses must have a secure,
comfortable suspension; a carbon-reinforced socket and forearm; and a
well-bonded, laminated wrist unit to ensure safe function. The prosthetist
should consider a nontraditional, neutral alignment in the prosthesis, with
minimal preflexion to enhance control and performance for a patient with
a short- to medium-length transradial amputation. Wrist alignment also
should be considered to optimize balancing heavier loads.
Several types of prosthetic technology help patients perform
confidently and functionally in weight lifting, therapeutic resistance
exercise training, and body building. Voluntary-closing terminal devices
can be easily modified to lock around and onto weight machine handles,
dumbbells, and barbells, but they are not specifically designed for weight
lifting (Figure 10). Other devices, such as the Weight Lifting Device
(Texas Assistive Devices), have been designed to accommodate the rigors
of training with free weights and cable-actuated stack-weight exercise

machines, as well as other types of exercise equipment (Figures 11 and
12). These devices provide stable platforms for controlling heavier weights
through a wide variety of ROMs and body zones and have performed well
in Olympic-level competition.14

Figure 11

Photograph of the Weight Lifting Device designed
for training with free weights. (Reproduced with permission
from Texas Assistive Devices, Brazoria, TX.)

Golf and Baseball
Golf and baseball have parallel biomechanical demands. Both golf and bat
swinging in baseball or softball involve coordinated, gross motor motions
involving the torso, arms, and hands. Creating the appropriate degrees of
freedom in movement and capturing the energy created in the backswing
phase of these sports are essential to achieve the best performance.
Historical designs for golf prostheses applied ball-and-socket or
universal joint linkages connecting the prosthetic wrist to the golf club.
Other designs used a direct, rigid attachment to the golf club. Neither of
these earlier approaches adequately replicated the biomechanics of a
natural two-armed swing. Modern golf club prosthetic adapters connect the
prosthesis to the grip of the golf club using a high-strength, flexible
coupling (Figure 13). The flexible coupling or energy-storing body of
these adapters provides enhanced flexibility and ROM and enables the
golfer to replicate an accurate, powerful two-handed golf swing.
Transhumeral designs with customized lengths, such as the Troppman grip
(Troppman Prosthetics), eliminate the need for a prosthetic elbow and
forearm (Figure 14). This type of design lightens the prosthesis

substantially and creates a high-energy transfer system that controls the
swing. Designs exist for both right- and left-hand absence, and specific
models accommodate either right or left hand–dominant swing styles.

Figure 12

Photographs of terminal devices designed for
weight training and conditioning. The Black Iron Master, Black
Iron Trainer, and Black Iron Lite terminal devices are shown.
(Reproduced with permission from TRS, Boulder, CO.)

Figure 13

Photographs of prosthetic adapter terminal
devices for golf clubs. (Reproduced with permission from TRS,
Boulder, CO.)

The powerful, controlled swing of a bat hitting a baseball or softball

requires increasing the degrees of freedom available through the prosthesis
to help replicate upper limb biomechanics. Secondarily, engaging the bat
handle with a secure but releasable grip is also advantageous. Several
devices have been designed for users with a leading arm prosthesis (lower
hand grip), whereas the Grand Slam (TRS) terminal device has been
designed to provide function for those with a trailing arm (upper hand
grip) prosthesis (Figure 15). A model also exists to meet the needs of both
left and right hand–dominant batters. These adapters facilitate the capture,
storage, and release of energy. Energy is created by the bat’s mass and
momentum during the rear swing phase of the bat swing cycle and released
through the prosthesis.

Figure 14

Photograph of a patient with a transhumeral
amputation fitted with a custom-length golf prosthesis.
(Courtesy of Phillip M. Stevens, MEd, CPO, Salt Lake City,
UT.)

Archery and Bowhunting
Archery and bowhunting involve either using the prosthesis for drawing
the string and releasing the arrow or holding and stabilizing the bow. Hand

and eye dominance affect how the prosthesis is used. Some individuals can
master shooting a bow with the nondominant eye, whereas others cannot.
A patient missing a left hand who has right-eye dominance can shoot righthanded using the prosthesis to hold the bow. An individual missing a left
hand who has left-eye dominance must shoot with the right hand or switch
to a left-handed bow and draw the string with the prosthesis. Alternatively,
an individual with a right hand absence and right eye dominance can shoot
right-handed and draw the bow with the prosthesis or must shoot lefthanded while holding the bow with the prosthesis and using the
nondominant eye. A voluntary-closing prehensile device (Figure 10) has
the physical configuration to capture the riser handle of almost any bow,
and a simple lock pin or other more complex locking system can be used
to eliminate the need for conscious, continuous, prosthetic cable tension
while shooting. In most instances, padding the handle with a durable,
compressive material helps create a better gripping platform for more
accurate bow control and improved arrow flight. A tight or rigid grip on
the bow is counterproductive to accurately shooting an arrow.

Figure 15

Photographs (from left) of the Pinch Hitter, Pinch
Hitter HD, Pinch Hitter Flex, and Grand Slam terminal devices
used in swinging a bat. (Reproduced with permission from
TRS, Boulder, CO.)

The Ishi Archery terminal device (TRS) was designed for holding and
shooting a bow by either a left- or right-handed user (Figure 16). It has a
special offset aperture-receiver that helps the bow align properly in the
prosthesis during the string-draw phase of the shooting cycle. The Archery
Quick Release Gripper (Texas Assistive Devices) is specifically designed
for capturing, drawing, and releasing the bowstring (Figure 17). The
Gripper uses an integrated trigger that is actuated by pressing a sidemounted lever against the jaw or cheek to release the string. The design is
consistent with established, reliable trigger releases widely used in the
sport by two-handed archers and bow hunters.
The disadvantage of any prosthetic device designed to meet the needs
of a specific activity is that it limits the user’s ability to perform other
activities that require two-handed competence. If this is an important
consideration, such as in bowhunting, a more versatile terminal device
might be preferable.

Figure 16

Photograph of the ISHI Archery terminal device
for holding and shooting a bow. (Reproduced with permission
from TRS, Boulder, CO.)

In archery, an externally powered myoelectric hand prosthesis can be
used. The opposed thumb and forefinger gripping configuration of a
myoelectric hand prosthesis lends itself to holding a bow in a natural
manner.

Fishing
Fishing, like golf, has nuances related to hand dominance and hand
absence. Certain reel-and-rod fishing systems are designed to function

with either a left-hand or right-hand retrieve. Some types of reels can be
converted to a right-hand or left-hand retrieve. The prosthesis can be used
for the function of reeling with a normal reel handle if the terminal device
is capable of creating enough controlled prehension (grip) throughout the
reeling cycle. Split-hook prostheses that are held closed by elastic bands or
springs typically are not capable of reliably controlling and operating the
reel handle because they tend to pry or slip off. A voluntary-closing
prehensile device enables the user to create enough gripping force to
control reel handles of various shapes and sizes (Figure 18). In some
instances, it may be valuable to reshape the reel handle or pad the handle
with compressible, high-friction material to create a better surface for
securely grasping and controlling the handle.
Holding the rod in the sound hand and reeling with the prosthesis is the
most functional and versatile way to fish because handling the rod
properly is enhanced by having a functional wrist and hand. Specialized
prosthetic reeling adaptations, such as the All Purpose Crank Adaptor
(Texas Assistive Devices; Figure 19), are an alternative to using a
standard terminal gripping device.

Figure 17

Photograph of the Archery Quick Release
Gripper. (Reproduced with permission from Texas Assistive
Devices, Brazoria, TX.)

Figure 18

Photograph of the Grip 3 prehensile device being
used with a spinning reel. (Reproduced with permission from
TRS, Boulder, CO.)

If the user prefers to hold the rod with the prosthesis, a device such as
the F~ISHI (TRS) can be used to grasp and clamp around the fishing rod
handle (Figure 20). The flexible polymer body simulates radioulnar wrist
action when the rod and line are under load, creating a “feeling” and type
of feedback similar to that experienced with a normal wrist. Other models
are available for different fishing environments. The prosthetic Fishing
Rod (Texas Assistive Devices) is designed to allow the rod to be directly
connected to the prosthesis or interim wrist component. The Universal
Handle Holder (Texas Assistive Devices) can be used to capture and
support the rod near the reel (Figure 21). Myoelectric or externally
powered hands and terminal devices are capable of handling a rod and reel
but, because of the water environment and chance of immersion, these
types of technologies are not often used for fishing.

Figure 19

Photograph of the All Purpose Crank Adaptor, a
specialized prosthetic adapter for fishing. (Reproduced with
permission from Texas Assistive Devices, Brazoria, TX.)

Figure 20

Photograph of the F~ISHI terminal device for
fishing. (Reproduced with permission from TRS, Boulder, CO.)

Figure 21

Photograph of the Universal Handle Holder
terminal device supporting a fishing rod. (Reproduced with
permission from Texas Assistive Devices, Brazoria, TX.)

Fly fishing presents additional challenges to the person with a hand
absence because of the complexity of actually handing the fly line while
casting and retrieving. The rod must be controlled by a healthy hand and
arm for accurate casting. A prosthesis equipped with a gripping device
(Figure 22) is capable of handling the delicate line for line retrieval and
allows reeling in a wet environment. Automatic retrieval fly reels bring in
slack line, but they are not capable of manipulating the retrieval of a wet
fly line or strong enough to bring in a fish without the assistance of another
hand or specialized prosthetic gripping device. Electric retrieval fishing
reels with rechargeable battery packs are available for those with more
severe upper limb involvement. Alternately, the simplicity of the onehanded tenkara fly fishing technique may be preferred.

Canoeing, Kayaking, Paddling, and Rowing
The first commercially available prosthetic device for kayaking, the
Hammerhead (TRS) was developed in the mid 2000s at the request of
rehabilitation personnel at Walter Reed Hospital (Figure 23). Kayaking
was seen as valuable therapy (strengthening core, shoulder, and arm
musculature and helping improve ROM) for injured military personnel.

Activities such as canoeing, kayaking, and rowing require the user to
perform a wide range of gross motor, upper body movements while
controlling and powering an oar or paddle through the water. The
Hammerhead device can replicate the degrees of freedom required to
handle a paddle and propel it efficiently, thus creating propulsion. Certain
terminal devices are capable of handling oars and paddles, but an activityspecific device, such as the Hammerhead, provides improved function and
enhanced performance because of its ROM, flexible energy capture, and
release capabilities, which mimic the human wrist and forearm.
Crew and other rowing water sports use oars rather than paddles. Oar
handles are typically larger in diameter than paddle handles and some oars
have convex-curved, gripping areas that can provide additional holding
challenges for a prosthesis user. A device is available with a quick-release
ratchet strap system that securely controls the tension of two flexible,
polymer “mandibles” that wrap around and provide tension on the oar
handle (Figure 24).
Externally powered prostheses are usually not applied to these types of
activities because of the rugged use they would experience, the limited
degrees of freedom they provide while holding an oar, and the adverse
effect of a wet environment on the internal electronic elements in this type
of technology.

Figure 22

Photograph showing the Grip 3 handling a
delicate line for fly fishing reel. (Reproduced with permission
from TRS, Boulder, CO.)

Figure 23

Photograph of the Hammerhead terminal device
for kayaking. (Reproduced with permission from TRS, Boulder,
CO.)

Figure 24

Photograph of the Multi-D terminal device that
can be used to hold an oar handle. (Reproduced with
permission from TRS, Boulder, CO.)

Hockey
Hockey requires quick reflexes, substantial gross upper limb motor
movements, and the need to accurately control a hockey stick. Rigidly

attaching a stick to a prosthesis is ineffective, and injury is possible
because the forces involved during a fall or impact could break the lower
arm, elbow, or humerus of a prosthesis wearer. Several adaptive prosthetic
devices are available that allow for safe and effective control of a hockey
stick, including options for “top-handing” or “shaft-handling” the hockey
stick (Figure 25).

Snow Skiing, Water Skiing, and Trekking
Highly specialized activities such as downhill and cross-country skiing are
challenging. In cross-country skiing, the upper body is highly involved in
the propulsion of the skier over the snow. In downhill skiing, a prosthesis
controlling a ski pole can aid balance and maneuvering through moguls
and rough terrain or varying snow conditions. Two commercial devices
with different designs exist for snow skiing, the Ski/Fish terminal device
or Ski Hand (Hosmer; Figure 26), and the Ski 2 (TRS; Figure 27). The
Ski Hand is a one-piece molded silicone fist-shaped device into which the
ski pole is force-fit. The normal grip on the ski pole is removed and
inserted almost vertically into the Ski Hand, where the flexible silicone
allows the pole to be snapped forward, using its weight for momentum
through a pendulum-type action initiated by the forearm and elbow. In
contrast, the pole held in the Ski 2 mechanically pivots on the end of the
prosthesis and can be activated either with a pendulum thrust of the arm or,
preferably, cable-driven for an accurate, controlled pole “plant.” The cable
excursion technology eliminates unnecessary upper body movement,
which allows for improved, balanced downhill skiing form. During crosscountry skiing, the cable drive provides efficient pole extension and
placement while propelling the skier on flat terrain or while climbing. The
pole remains slightly retracted and clear of the snow when the cable
tension is relaxed.

Figure 25

Photographs of terminal devices for holding a
hockey stick. The Slap Shots and Power Play are shown.
(Reproduced with permission from TRS, Boulder, CO.)

Figure 26

Photograph of the Ski and Fish Hand.
(Reproduced with permission from Hosmer, Chattanooga, TN.)

Figure 27

Photograph of the Ski 2 terminal device.
(Reproduced with permission from TRS, Boulder, CO.)

Mountaineering and Technical Rock Climbing
Prosthetic adaptations for technical climbing, whether in natural outdoor
environments or indoor gyms, have traditionally been custom-made
(Figure 28). These designs incorporate standard technical rock climbing
hardware such as leepers, sky hooks, and picas onto a custom pedestal that
mounts securely to the prosthesis. The Grip 2SS (TRS) voluntary-closing
device has been modified into a rock climbing device by integrating a
modified sky hook onto one side of the prehensile device (Figure 29).
This preserves the function of the device while providing a laterally
mounted precision hook element for engaging and grasping rock “holds.”
However, climbing is a dangerous activity with a high risk of injury and
death and must always be approached with caution. The prosthetist must
be aware of the liability and legal exposure involved when providing
climbing prostheses to patients.

Figure 28

Photographs of custom-made rock climbing
terminal devices. (Reproduced with permission from TRS,
Boulder, CO.)

Firearms and Shooting
Holding, stabilizing, and firing a rifle, shotgun, or carbine with a
prosthesis is possible, and several prosthetic devices have been designed
specifically for such activities. Three variations of the rubber-coated Tool
Cradle (Texas Assistive Devices; Figure 30) are available to support the
fore end, forearm, or front stock portion of a rifle or shotgun. One version
of the Tool Cradle pivots for improved firearm balance and control. The

Lamprey Gun Turret (TRS; Figure 31) is an adapter that securely grasps
the stock of the gun with a flexible yoke system mounted to a pivoting,
lockable ball-and-socket system and allows the shooter to swing the
firearm above shoulder level without losing control of the gun. It can be
used for bench target shooting, in trap and skeet competitions, or for
hunting.

Figure 29

Photograph of the Sky Hook terminal device for
climbing. (Reproduced with permission from TRS, Boulder,
CO.)

Figure 30

Photograph of the Tool Cradle being used to
stabilize a firearm. (Reproduced with permission from Texas
Assistive Devices, Brazoria, TX.)

Road and Mountain Bicycling
Bicyclists must be able to securely and quickly manipulate handlebars,
brake levers, and the gearshift for performance road or mountain biking

pursuits. Voluntary-closing prostheses can be used in these applications,
although they are not specifically designed for bicycling. A nonspecific
prehensile device has the advantage of functioning for other activities such
as changing punctured tires and performing bicycle repairs. Modern
bicycle technology and accessories for gear shifting and braking are
compact and offer multiple control modalities such as thumb paddles,
levers, twist grips, and even electronic shifting options to help meet the
needs of an individual with a hand absence or limited hand function. These
technologies can be individually selected and combined to achieve
optimum performance and control.
Specialized adaptive prosthetic technology for bicycling has been
available since the early 2000s. Some of these devices use strong, flexible,
molded polyurethane to create components that snap on and off the
handlebars (Figure 32). The Criterium Pivot (TRS) replicates radial and
ulnar wrist deviation for comfortable and versatile handlebar control.
Devices designed primarily for road biking may not function satisfactorily
during the rigors of mountain, trail, or competitive biking. Such riding
environments and styles may be better managed with a more robust design
such as Mert’s Hand (Mert Lawill Concepts). In this design a shaft
attaches to the prosthesis at the wrist, with a distal ball mount that engages
into a socket assembly installed on the handlebar. The ball-and-socket
connection provides a range of unrestricted movement but (for safety) will
release when movements exceed its travel limit.

Figure 31

Photograph of the Lamprey Gun Turret being
used to grasp the stock of a gun. (Reproduced with permission
from TRS, Boulder, CO.)

Figure 32

Photographs (from left) of the Criterium, Criterium
Wedge, and Criterium Pivot terminal devices, which can be
used to grasp the handlebars for cycling. (Reproduced with
permission from TRS, Boulder, CO.)

In an alternate approach, The Hand (Advanced Prosthetic
Technologies) is attached directly to the handlebar allowing unrestricted
motion. The connection point with the prosthesis occurs at the wrist and

can be released when necessary by pulling a cord held in the sound hand.
In transhumeral applications, The Hand can be attached to The Arm
(Advanced Prosthetic Technologies; Figure 33). The prosthetic elbow
mechanism has a hydraulic shock absorber that is designed to absorb
impact forces transferred through the frame of the bicycle.
Another device, the Dual Bike Brake Lever system (TRS), was initially
developed for tandem bicycles. It controls two brake cables simultaneously
and is a good option for riders with a prosthesis. Clustering all the controls
to one side for operation with a sound hand simplifies cycling. The
prosthesis is used primarily for handlebar control and balance.

Figure 33

Photograph of a patient using The Arm and The
Hand to grasp the handlebars of a bicycle. (Courtesy of Phillip

M. Stevens, MEd, CPO, Salt Lake City, UT.)

Figure 34

Photograph of the Dragon terminal device for
wrestling and martial arts. (Reproduced with permission from
TRS, Boulder, CO.)

Motorcycling, Off-Highway Vehicles, and Motor Vehicle
Control
Vehicle steering, gear shifting, and overall motor vehicle control requires
secure gripping capability and, in many instances, quick reflexive release
action. Voluntary-opening split-hook prostheses have proved inadequate
when applied to most vehicle control circumstances because the terminal
device cannot provide reliable prehension during varying vehicle control
situations. Myoelectric hands and electromechanical terminal devices are
functional for general automobile and motorcycle operation, but are not as
useful or reliable for off-highway and recreational vehicle control. The
previously described Mert’s Hand provides a secure, versatile connection
to handlebars and is frequently used in motorcycling applications. Bodypowered, voluntary-closing prehensile devices have provided the type of
reflexive grasp-and-release action and gripping forces necessary to handle
automobile driving situations, motorcycling, bicycling, and off-road
vehicle control. Typically, the brake, clutch, and gear-shifting controls
need to be grouped together for single-handed or foot-assisted operation;
the prosthesis is used primarily for handlebar and steering control.

Wrestling and Martial Arts

The Dragon terminal device (TRS; Figure 34) was developed for
prosthesis users who engage in intimate contact sports such as wrestling or
martial arts. This device was designed to emulate the shape of a curled fist.
The soft, flexible, polyurethane material absorbs the shock of punches and
has a friction coefficient high enough to enhance grappling with an
opponent.

Figure 35

Photographs of guitar, drum, and violin bow
adapters. (Reproduced with permission from TRS, Boulder,
CO.)

Equestrian Sports
A variety of prosthetic devices, including both voluntary-opening and
voluntary-closing body-powered terminal devices and myoelectric hands
can be used for controlling reins for riding horses and other equestrian
pursuits. No specific adapters have been commercialized specifically for
these types of activities. One customized adapter was developed
specifically for calf roping. It can capture a series of rope coils, freeing the
terminal device to hold and control reins while the sound hand is used for
tossing a lasso.

Adapters for Musical Instruments
Commercially available prosthetic adapters for musical instruments are
widely used to initiate novices into the world of musical instruments or
provide experienced musicians with the opportunity to regain instrument

playing skills (Figure 35). These adaptive devices are simple mechanical
solutions that attempt to duplicate the subtle wrist and forearm
biomechanical movements required for accurate instrument playing. In
most instances, it is advantageous to mount the terminal device as close to
the end of the limb as possible for improved control and enhanced
proprioceptive biofeedback. A specialized short prosthesis can accomplish
this objective. Attaching the musical instrument adapter directly to a rollon–style silicone or similar type liner is another option.

Miscellaneous Specialty Prosthetic Adapters
Adaptive prostheses are available for very specialized activities, including
photography, pool and billiard playing, and skip roping. Such specialized
products allow those with a hand absence to indulge in a wide range of
pursuits.

Partial Hand Absence
Fabricating a prosthesis for partial hand absence and/or limited hand
function is challenging. The N-Abler wrist-hand orthosis was introduced in
2003 (Figure 36). This wrist-hand orthosis system provides a viable
solution to reliably mount adaptive prostheses to the partial or disabled
hand. Tools, domestic implements, and sports accessories can be readily
connected and disconnected. An alternative device is the PRO CUFF
(TRS), which mounts onto the forearm behind the wrist and can accept
tools and implements and other adaptive sports and recreational
attachments (Figure 37). Unlike the wrist-hand orthosis brace system, it
has no thumb hole and does not provide wrist support.

Figure 36

Photograph of the N-Abler wrist-hand orthotic
prosthesis. (Reproduced with permission from Texas Assistive
Devices, Brazoria, TX.)

Figure 37

Photograph of the PRO CUFF prosthesis.
(Reproduced with permission from TRS, Boulder, CO.)

Summary
The number, type, and sophistication of adaptive or activity-specific
prostheses have been increasing since the 1980s. Various factors
influenced the growth of this segment of prosthetic technology, including
the contributions of prosthesis users, manufacturers, the military, adaptive
sports organizations and programs, medical and rehabilitation
professionals, the media, and the general massive expansion of worldwide
communications and consumerism via the Internet. In addition, changes
made in the HCPCS directly affected the justification and credibility for
prescribing specialized, adaptive, upper limb prosthetic components.
These adaptive prostheses can satisfy a wide range of needs, including
both vocational and recreational challenges. Emphasizing the duplication
of biomechanical function and increased ROM in upper limb prostheses
has substantially enhanced the ability of users to participate and compete
in various activities in which “bilaterality” was difficult or impossible to
achieve in the past. A wide variety of direct attachment tools, domestic use

implements, and sports and recreational adapters are now standardized and
commercially available. Adaptive solutions continue to evolve. This
progress is a result of the success that these prosthetic technologies
provide to users by enhancing their bilateral functional capabilities.
Adaptive prostheses improve patients’ rehabilitation potential and
substantially increase their performance in vocational and recreational
activities that were not previously accessible. Adaptive activity-specific
components are excellent complements to externally powered myoelectric
prostheses. More economic adaptive components enable users to select the
best, most cost-effective prostheses to use for a specific task or activity,
extending the life of more expensive bionic prostheses. It is expected that
the success of adaptive prostheses will continue to evolve, develop, and
increase in popularity in the future.
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Prostheses: Upper Limb
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Abstract
A successful prosthetic outcome is best achieved by balancing the elements
of form and function. For individuals with congenital or acquired
amputations, aesthetic prostheses that incorporate active or passive function
can aid in enhancing vocational, avocational, and psychological
rehabilitation.

Keywords: aesthetic prosthesis; congenital amputee; cosmetic
prosthetic restoration; finger prosthesis; lower limb amputee;
partial hand prosthesis; passive functional prosthesis;
psychologic considerations of amputation; upper limb
amputee
Mr. Passero or an immediate family member is an employee of Prosthetic &
Orthotic Associates and Handspring Rehabilitation Upper Limb Prosthetic
Care and has stock or stock options in Touch Bionics and MYOMO. Ms.
Doolan or an immediate family member is an employee of Allen Orthotics &
Prosthetics.

Introduction
The role of aesthetic restoration in prosthetic rehabilitation remains
somewhat misunderstood and inconsistently applied. One factor that
contributes to the confusion surrounding the terms aesthetic (commonly
defined as characterized by a heightened sensitivity to beauty) and
cosmetic (defined as decorative rather than functional) is the mistaken
assumption that little to no functional value is associated with this type of
prosthesis.1 However, prostheses with lifelike appearances are often

indicated for individuals with both upper and lower limb amputations and
deficiencies, whether acquired or congenital. Although well documented,
the importance of both the appearance and the function of aesthetic
prostheses are not consistently discussed with the individual who has an
amputation or limb deficiency.2-12 Prostheses that balance function and
form contribute to a successful outcome, particularly for the individual
with upper limb involvement.
Misconceptions regarding the importance of aesthetic considerations in
prosthetic treatment are common. Too frequently, aesthetic restoration is
considered as a last resort when a patient rejects a more functional
prosthesis. However, comprehensive treatment should consider all
available prosthetic options for a given amputation level, including the
associated aesthetic implications, focusing on a patient’s ultimate
acceptance and integration of his or her prosthesis.13 A thorough patient
examination enables the informed practitioner to reasonably rate the
restoration of normal appearance among the goals set by the rehabilitation
team and the patient.
The highest quality lifelike aesthetic restorations are made of silicone
because of its versatility and compatibility with human tissue.5,11,13,14
These devices are generally custom designed and fabricated to intimately
fit the contours of the residual digit or limb and reproduce a realistic
appearance in both texture and color.

History
In the 1950s, French physician Jean Pillet noted that the loss of a single
digit could profoundly affect an individual’s body image, self-esteem, and
psychological status.9 Pillet established clinics around the world and
pioneered the use of silicone prostheses that were sculpted and painted to
match the characteristics of individual patients. Two decades later, Horst
Buckner developed a new fabrication method to cover conventional
prosthetic components, such as mechanical and electric hands, with lifelike
silicone skin.15 Currently, many fabrication techniques and silicone grades
are used by large and small facilities.

Function
For upper limb amputees, the term function is often associated with grasp.

However, activities that do not require active manipulation, including
static prehension, balance, support, stabilization, pushing, pulling,
proprioception,
and
communication,
are
extremely
important.1,4,6,8,12,16,17
A Dutch study divided the function of cosmesis or aesthetics into three
categories as follows: passive cosmesis (the appearance of the device), the
cosmesis of wearing (the naturalness with which the amputee wears the
device), and the cosmesis of use (the naturalness with which the amputee
uses the device).12 The appearance of the prosthesis carries subtle
psychosocial implications. An aesthetic prosthesis balances the active and
passive functional characteristics of the residual limb. For some wearers,
the appearance of the sound side is duplicated; for others, the mechanical
or robotic look of the prosthesis is emphasized.
Historically, the prosthetic management of finger and partial hand
amputations has been disregarded because of reduced prosthetic options
resulting from space limitations. However, because the thumb and fingers
comprise 90% of human arm function, the loss of one or more fingers has
a substantial effect on hand function.1 A single aesthetic prosthesis for an
index finger actively functions in prehensile activities such as writing,
grasping small objects, and typing on a keyboard8 (Figure 1). For a hand
without a thumb and forefinger, a partial hand prosthesis provides
opposition to the remaining fingers. For those with unilateral total hand
amputation, an aesthetic hand prosthesis provides opposition to the sound
hand while performing bimanual activities and aids with nonmanipulative
tasks.
Individuals with more proximal upper limb amputations can take
advantage of the entire surface of the prosthesis because its use is not
limited to the terminal device (TD). It is common to see a prosthesis user
stabilizing a book against the forearm, sandwiching a grocery bag between
his or her hip and the prosthesis, or pushing up from a chair by placing
weight against the elbow componentry of the device. Fraser2 noted that
fewer than 25% of individuals used a TD for active manipulation, which is
overly emphasized as a determinant for good prosthetic use.

Psychological Considerations
Because amputation can affect both sexes, at any stage of life, in all
countries and cultures, and involve the limb in part or entirely, there is

tremendous variation in the psychological responses of individual patients.
In addition, the individual’s response to amputation does not necessarily
correlate with the level of amputation.1
Frequently, an individual with a new amputation may prefer a
prosthesis that mimics the appearance of the lost digit or limb. This is
especially true of upper limb amputees who cannot conceal their changed
body as easily as lower limb amputees. A natural-appearing prosthesis
allows the wearer to blend in, to use his or her prosthesis in public, and not
be singled out as different. After the amputee has accepted his or her
changed body image, he or she may be more comfortable wearing a more
mechanical or robotic-looking TD. Some individuals who were provided a
metal, tool-like device shortly after amputation reported feeling so selfconscious that the prosthesis was removed and hidden away. Pillet noted
that, “Often the disfigurement is more pronounced in the mind of the
amputee than others. However, the man who finds himself unable to take
his hand from his pocket, even though it is very ‘functional,’ may be as
handicapped as if it were lost.”9

Figure 1

Photographs depict a passive functional ring finger
prosthesis while detached (A) and in use (B). (Courtesy of
Touch Bionics, Mansfield, MA.)

Figure 2

Photographs show upper limb prostheses with
indirect grasp for stabilizing (A) and pulling (B).

Another opposite reaction, which is becoming more common, is for
amputees to prefer that their prostheses be noticed and acknowledged. For
those individuals, the opportunity to talk about their amputation, recovery,
and prosthetic choice is seen as a benefit to themselves and others.

Rehabilitation Therapy
The need for rehabilitation therapy for upper and lower limb amputees
should be recognized. Individuals with passive functional upper limb
devices also benefit from occupational and physical therapy. These
therapies can improve overall body schema, strength, and the flexibility
and range of motion of nearby joints; reduce postoperative and phantom
limb pain; and help with desensitization, scar management, and edema
control.
Often, therapy may be of greater value if the manipulation of small
objects is deemphasized. Using the prosthesis in everyday situations
involving supporting, stabilizing, pushing, pulling, holding, and facilitating
balance can have better results.2 Thus, training must not be limited to
controlling prehension based on the erroneous assumption that fine motor
activities require a TD. For a unilateral amputee, the prosthesis is typically
used to assist with nondominant movements.3
van Lunteren et al12 observed that many amputees were taught direct
grasp in clinical settings in which they used their TDs to pick up and hold
an object. However, those who learned natural movement with a prosthesis
taught themselves this ability and frequently used indirect grasp by picking

up an object with their sound hand and transferring it to their TD. The
amputee is best served by training protocols that teach not only control of
prosthetic componentry (TDs, wrists, elbows, and shoulders) but also the
most efficient way to complete daily living, occupational, and avocational
tasks (Figure 2).

Prosthetic Compliance
A prosthesis must be comfortable, functional, and have a pleasing
appearance to be accepted and used by the amputee.7 Other priorities
include reduced weight, durability, ease of cleaning, and length of
operation (up to 12 hours).5 Amputees also frequently request that the
prosthesis have the correct benefit-to-burden ratio,12 making the prosthesis
as unnoticeable as possible and preventing it from becoming an
encumbrance.
Comprehensive prescription development should consider the
importance of form and function to the patient. For most prosthetic
solutions, this entails some level of compromise, trading elements of
function for a more realistic appearance and vice versa. Identifying the
patient’s priorities based on his or her anticipated use of the prosthetic
device at home, work, and/or in recreational activities facilitates better
understanding, and ultimately, acceptance of necessary tradeoffs.13

Finger Amputation
Full and partial finger amputations are among the most frequently
encountered forms of partial hand loss.6 The benefits associated with
silicone restoration of digital amputations are well documented8-10,18,19
and include a range of functional and psychological improvements, as well
as appearance. The length of the residual finger is a primary consideration
for several issues related to prosthetic design. Other issues include the
method of suspension (suction or mechanical), the length of the prosthesis
(whether the proximal edge of the prosthesis terminates at the proximal
interphalangeal or metacarpophalangeal [MCP] joint), the shape, the
flexion/extension range of the finger, and the choice of a hard acrylic or
soft silicone fingernail (Figure 3, A).
Although most digital prostheses are attached primarily using suction,
osseointegration has demonstrated benefits, including increased pinch

force and transfer of deep pressure sensation.20 The risks of
osseointegration include those commonly associated with other surgeries.
This procedure is especially useful when the digital residuum length is
insufficient to maintain acceptable retention. Additional methods of
retention on short residual digits include the use of medical adhesives,
incorporation of vacuum chambers in the distal portion of the prosthesis,
and the use of adjacent fingers and rings to anchor the prosthesis to the
hand (similar to a dental crown and bridge)21 (Figure 3, B).

Figure 3

A, Photograph of finger prostheses for single digit
loss. B, Photograph of a finger prosthesis for multiple digit loss.
(Images courtesy of Touch Bionics, Mansfield, MA.)

Because suction is the primary means of suspension for most passive
silicone finger prostheses to the residual digit, it must have sufficient
length (minimum, 1.0 to 1.5 cm)6,9 and appropriate shape (ideally,
cylindric or bulbous). In contrast, a short length combined with a conical
shape makes suspension unreliable, and the previously mentioned
alternative retention methods can be used. If the involved hand has
multiple, short residual fingers, a glove design may be needed to establish
attachment and retention that is firm enough to withstand the force
required to grasp and hold objects.
If the middle or distal phalanx of the involved digit has sufficient
length and shape to adequately maintain suspension, a half-finger
prosthesis is generally indicated. This prosthesis would terminate at the

proximal interphalangeal joint, with a feathered proximal edge to minimize
the transition between the silicone and the natural tissue and avoid
limitations in joint range of motion. A full-finger prosthesis terminating at
the MCP joint is recommended when the involved digit is at the level of
the proximal phalanx or when the middle phalanx remains but has
inadequate length. A full-finger prosthesis also can be used with a more
distal level of amputation for activities that will generate substantial forces
because the additional length increases leverage, providing better
resistance to these forces. In either case, the termination, or transition of a
full-finger prosthesis occurs at the base of the proximal phalanx or MCP
joint. A ring can be used to enhance the attachment and minimize the
transition line.

Figure 4

Photographs of an osseointegrated thumb
prosthesis unattached (A) and attached (B). (Courtesy of
Rickard Brånemark, MD, PhD, and Stewe Jonsson, CPO,
Gothenburg, Sweden.)

For distal fingertip amputations in which part of the nail/nail bed
remains or the amputation is just at the base of the nail, a half-finger
prosthesis is indicated. Because of the space requirements of the mounting
mechanism, using an acrylic nail is often impossible; a silicone nail can be
used instead. The disadvantages associated with silicone nails are that they
cannot be painted and cannot be extended beyond the length of the
fingertip.

Thumb Prostheses
Thumb prostheses present unique challenges because of the mobility and
stability required of the prosthesis.6 Given the presence of soft tissue in the

web space between the thumb and index finger and the wide range of
motion and substantial force generated during prehension, a full-length
prosthesis is generally indicated to maintain adequate stability. For
maximum stability, a glove-type partial hand prosthesis may be preferable.
Osseointegration can be used effectively with a proximal thumb
amputation (Figure 4).

Internal Armatures
In partial or full hand restorations, a semirigid internal armature can be
incorporated into the fingers. The armatures stiffen the fingers and allow
them to flex, pre-positioning them for specific tasks and providing
additional functional capability. The armature adds a skeletal component
to the flexible silicone of the prosthesis. The armature is often composed
of braided stainless steel, but other materials can be used, provided they
are durable enough to bend and rebend without breaking. The increased
weight of the finished device with armatures is a consideration.

Partial Hand Prostheses
A partial hand prosthesis is indicated for acquired or congenital conditions
that involve the total loss of one or more digits, either at the MCP joint or
proximal to the metacarpal region. Depending on the presence of fingers or
a thumb and their length and range of motion, the prosthesis is designed to
maximize the active and passive functional potential of the involved hand
and its appearance. The intended uses considered during the consultation
phase of the process determine the eventual design. For passive silicone
prostheses, proximal termination of the silicone usually occurs at an area
where a watch or bracelet can be worn to minimize evidence of the
transition to natural skin if it is necessary or preferred. Design options
include exposing any residual digits that may be unable to oppose and
grasp or containing them inside the prosthesis.
With
the
introduction
of
multiple
mechanically
and
electromechanically powered fingers, active control of prosthetic finger
position becomes possible (Figure 5). If desired, silicone skin can cover
the plastic or metal digits to restore a natural appearance (Figure 6).

Full Hand Prostheses

Historically, the standard for aesthetic restoration of a full hand absence
was a total silicone restoration (Figure 7, A and B). Over the past decade,
roll-on suction liners with mechanical locking mechanisms have been used
with increasing frequency for passive all-silicone total hand restorations.
In recent years, externally powered digits and multiarticulating totalhand TDs have been introduced, and their use is increasing. These
prostheses can be covered with thin, realistic-appearing silicone skin and
can duplicate more characteristics of an intact human hand (Figure 7, C).

Transradial Prostheses
For a patient with a unilateral nondominant arm amputation, a passive,
functional aesthetic prosthesis can provide adequate nongrasping function,
acting as a helper to the intact, dominant hand. Alternatively, aesthetic
restoration is still possible when a mechanical or electromechanical hand is
provided and covered with a custom silicone covering (Figure 8). The
same technological innovations that changed the options for individuals
with partial and full hand amputations also have expanded the options for
more proximal amputation levels. Smaller and more anatomically accurate
shapes can now be incorporated into powered multiarticulating TDs that
can be covered with the same type of custom silicone restoration to
approach a more balanced combination of function and form.

Figure 5

Photograph of an electromechanical prosthesis
with an aesthetic appearance that is not lifelike. (Courtesy of

Touch Bionics, Mansfield, MA.)

Transhumeral and More Proximal Prostheses
A passive, transhumeral silicone prosthesis is often an acceptable option
for more proximal amputations. The realistic appearance combined with
the limited weight associated with this type of device makes it a good
alternative for nondominant unilateral amputees. It is not possible to cover
a wrist, elbow, or shoulder joint that articulates, whether passively or
otherwise, with silicone without unnatural distortion of the silicone
occurring at the joint. Often, the aesthetic skin is discontinuous or
terminated at the joint to minimize or eliminate this negative attribute.

Bilateral Involvement
Active unilateral or bilateral grasp can help individuals with bilateral upper
limb involvement achieve a higher level of independence and supersedes
the immediate need for aesthetic function. For the bilateral amputee,
functional concerns outweigh aesthetic concerns because of substantial
physical impairment, but aesthetic concerns are still important to these
patients and require consideration.9 Referring these patients to a
rehabilitation team of physicians, prosthetists, occupational therapists, and
psychotherapists who specialize in the treatment of bilateral upper limb
amputation will help ensure the best possible outcomes while addressing
aesthetic concerns.

Figure 6

Photographs of a partial hand prosthesis (center)
with lifelike coverings (left and right). (Courtesy of Pohlig,
Traunstein, Germany.)

Congenital Deficiencies
Childhood limb loss, whether congenital or acquired, is emotionally
important, and coping is challenging for both the child and his or her
family.22 A child fitted with a prosthesis can appear more like other
children, which can start the process of parental acceptance.3,4,9,11
Prosthetic fitting at a young age can also encourage children to use their
prostheses as they reach developmental milestones.4
Often, the types of prostheses fitted vary as children develop.
Sometimes it is easier for infants to learn to control passive functional
TDs. As children age, some may do better with myoelectric hands,
whereas others prefer hooks or cable hands. Although prosthetic hands can
limit children’s activities after they begin school, they are often requested
when children reach adolescence (Figure 9).

Lower Limb Prostheses Considerations
Aesthetic prostheses for lower limb amputations are routinely provided,
although less often than for upper limb prosthesis users because of several
factors, including the ability to more easily conceal lower limb prostheses
under clothing. In addition, materials used for lifelike prostheses have a
limited ability to withstand the forces incurred during ambulation, and the
costs are relatively high. When used, these restorations are usually limited
to toe and partial foot devices.

Figure 7

Dorsal (A) and palmar (B) photographic views of a
passive, functional full hand prosthesis with highly customized
silicone restoration. C, Photograph of an electromechanical full
hand prosthesis with a highly customized silicone restoration.
(Panels A and B courtesy of Alternative Prosthetic Services,
Bridgeport, CT. Panel C courtesy of Pohlig, Traunstein,
Germany.)

Figure 8

Photographs of an electromechanical hand
uncovered (A) and with highly customized silicone restoration
(B). (Courtesy of Touch Bionics, Mansfield, MA.)

The definition of aesthetic is subjective for lower limb prostheses
because more amputees are comfortable showing their devices in public.
Colorful designs on sockets, exposed hardware, and other eye-catching
features can make a prosthesis more pleasing to some individuals (Figure
10).

Foot Prostheses
The functional requirements for toe, partial foot, and foot amputations can
be largely cosmetic.23 A silicone aesthetic prosthesis can help an
individual with a toe amputation while restoring normal appearance,
provided that the residual toe has adequate length and shape to retain the
device (Figure 11). As the involvement progresses from distal to more
proximal levels of the foot, aesthetic prostheses require internal or
supplemental structural components designed to control unwanted foot
movement, to protect compromised tissue, and to distribute the ground
reaction forces generated during walking. Such devices may be called
orthoses or prostheses because the principles and materials typically
associated with orthotic treatment of intact limbs is applied in the

management of this population.23 The structural designs are covered with
an aesthetic skin.

Syme, Transtibial, and Transfemoral Prostheses
When limb loss involves the entire foot, the functional characteristics of
the silicone prosthesis are limited to the psychosocial benefits associated
with normal appearance. In these cases, conventional prosthetic
componentry is fitted and aligned. Silicone, vinyl, or other coverings are
manufactured and fitted over the prosthesis. For transtibial prostheses, the
covering terminates at the proximal edges of the prosthetic socket. For
transfemoral prostheses, continuous covers distort during knee flexion and
inhibit knee function and safety. Therefore, these coverings are best
applied with termination at the knee joint or made in a discontinuous
manner. Modifications to foot shape or footshell are matched to the shape
of the sound foot. If a natural appearance is preferred, the colors of the
foot, leg, hair, and nails on the sound side can be incorporated into the
prosthetic cover.

Figure 9

Photographs depict palmar (A) and dorsal (B)
views of a congenital hand deficiency. C, Photograph of a
customized silicone restoration (right) and the contralateral
hand (left).

Enhancements
Nails
Fingernails and toenails that mimic human nails can be made from either a

hard acrylic or softer, more flexible silicone material. The most realistic
appearance is achieved using hard acrylic, which can be formed to match
any nail in shape, length, and color, and also can be painted with nail
polish. Silicone or vinyl nails are soft and flexible, cannot be extended
beyond the tip of the finger, and should not be painted with nail polish.
Acrylic nails are most often used in finger prostheses for which the length
of the residual finger is not an issue and in most partial and full hand
passive functional restorations. For electric or mechanical devices, it may
be more appropriate to exclude acrylic nails, which can become dislodged
during strong grasping and/or impede fine motor grasping.

Hair and Surface Embellishments
In an individual with moderate or dense body hair, the appearance of the
device may not be acceptable without an attempt to reproduce the hair,
even in instances in which the color, shape, and texture of the prosthetic
skin are a good match. Hair matching is accomplished by painting the
illusion of hair into the silicone or by applying synthetic or human hair
in/onto the skin in a pattern similar to that of the patient’s skin (Figure 12,
A). Tattoos, freckles, age spots, or prominent veining also can be added
(Figure 12, B).

Skin Color
Human skin constantly changes colors, sometimes subtly or dramatically,
and can be the result of external causes (such as sun tanning) or internal
causes (such as capillary dilation). Unlike human skin, silicone and vinyl
are static. When pigmented, these surfaces are carefully matched to the
colors of the amputee’s skin at the time of painting; once applied, they
cannot easily be changed. If an amputee’s skin darkens substantially, the
prosthesis may need to be changed to maintain an acceptable match. To
address this, some providers make two devices that match the lighter and
darker shades typical of the amputee’s color changes. Alternatively, a
surface pigment to temporarily darken the prosthetic skin can be applied
(Figure 13).

Figure 10

Photograph shows a prosthetic leg cover with
specific fashion and design. (Courtesy of ALLELES Design
Studio, Medicine Hat, Canada, D. Monzon, 2011.)

Figure 11

Photograph of a partial foot prosthesis with a
highly customized silicone restoration. (Courtesy of Ottobock,
Austin, TX.)

Figure 12

A, Photograph of an upper limb prosthesis with
hair, veining, and acrylic nails. B, Photograph of an upper limb
prosthesis with tattoo application. (Courtesy of Alternative
Prosthetic Services, Bridgeport, CT.)

Figure 13

Photograph shows application of pigment stain to
temporarily darken a prosthesis. (Courtesy of Touch Bionics,
Mansfield, MA.)

Summary
No single prosthesis addresses the multiple deficits associated with upper
limb loss. Given this, the role of aesthetics in prosthetic restoration should
not be underestimated, especially in individuals with upper limb loss.
Educators, case managers, and healthcare workers treating this patient
population increasingly understand that a false distinction has been made
between cosmetic and functional prostheses. The concept that a prosthesis
that mimics a normal appearance is nonfunctional is obsolete. When
circumstances establish a sound basis for the prescription and use of
aesthetic prostheses, they should be provided either as primary prostheses
or as one of a combination of prostheses that together address the cluster
of functional deficits experienced by the amputee.

References
1. Kistenberg RS: Prosthetic choices for people with leg and arm amputations.
Phys Med Rehabil Clin N Am 2014;25(1):93-115.
2. Fraser CM: An evaluation of the use made of cosmetic and functional
prostheses by unilateral upper limb amputees. Prosthet Orthot Int
1998;22(3):216-223.
3. Hubbard S, Bush G, Naumann S: Myoelectric prostheses for the limb-deficient
child. PM R 1991;2:847-866.
4. Hubbard SA, Kurtz I, Heim W, et al: Powered prosthetic intervention in upper
extremity deficiency, in Herring JA, Birch JG, eds: The Child With a Limb
Deficiency. Rosemont, IL, American Academy of Orthopaedic Surgeons, 1998,
pp 417-431.
5. Kyberd PJ, Davey JJ, Dougall Morrison J: A survey of upper-limb prosthesis
users in Oxfordshire. J Prosthet Orthot 1998;10:85-91.
6. Michael JW, Buckner H: Options for finger prostheses. J Prosthet Orthot 1994;
6(1):10-19.
7. Millstein SG, Heger H, Hunter GA: Prosthetic use in adult upper limb
amputees: A comparison of the body powered and electrically powered
prostheses. Prosthet Orthot Int 1986;10(1):27-34.
8. O’Farrell DA, Montella BJ, Bahor JL, Levin LS: Long-term follow-up of 50
Duke silicone prosthetic fingers. J Hand Surg Br 1996;21(5):696-700.
9. Pillet J, Mackin EJ: Aesthetic restoration, in Bowker JH, Michael JW, eds: Atlas
of Limb Prosthetics, ed 2. St Louis, MO, Mosby Year Book, 1992, pp 227-235.
10. Pilley MJ, Quinton DN: Digital prostheses for single finger amputations. J
Hand Surg Br 1999;24(5):539-541.
11. Uellendahl JE, Riggo-Heelan J: Prosthetic management of the upper limb
deficient child. Phys Med Rehabil Clin N Am 2000;11:221-235.
12. van Lunteren A, van Lunteren-Gerritsen GH, Stassen HG, Zuithoff MJ: A field
evaluation of arm prostheses for unilateral amputees. Prosthet Orthot Int
1983;7(3):141-151.
13. Passero T: Devising the prosthetic prescription and typical examples. Phys Med
Rehabil Clin N Am 2014;25(1):117-132.
14. Burkhart A, Weitz J: Oncological applications for silicone gel sheets in soft

tissue contractures. Am J Occup Ther 1990;45(5):460-462.
15. Life-Like Laboratory: History. Available at:
http://www.lifelikelab.com/history.html. Accessed June 2, 2015.
16. Ohmori S: Effectiveness of silastic sheet coverage in the treatment of scar
keloid (hypertrophic scar). Aesthetic Plast Surg 1988;12:95-99.
17. Quinn KJ: Silicone gel in scar treatment. Burns Incl Therm Inj
1987;13(suppl):S33-S40
18. Alison A, Mackinnon SE: Evaluation of digital prostheses. J Hand Surg Am
1992;17(5):923-926
19. Beasley RW, de Beze GM: Prosthetic replacements for the thumb. Hand Clin
1992;8(1):63-69.
20. Manurangsee P, Isariyawut C, Chatuthong V, Mekraksawanit S:
Osseointegrated finger prosthesis: An alternative method for finger
reconstruction. J Hand Surg Am 2000;25(1):86-92.
21. Herring HW, Romerdale EH: Prosthetic finger retention: A new approach.
Orthot Prostet 1983;37(2):28-30.
22. Kahle AL: Psychological issues in pediatric limb deficiency, in Bowker JH,
Michael JW, eds: Atlas of Limb Prosthetics, ed 2. St Louis, MO, Mosby Year
Book, 2004, pp 801-811.
23. Condie DN, Stills M: Prosthetic and orthotic management, in Bowker JH,
Michael JW, eds: Atlas of Limb Prosthetics: Surgical, Prosthetic, and
Rehabilitation Principles, ed 2. St Louis, MO, Mosby-Year Book, 1992, pp
403-412.

Chapter 32

Brachial Plexus Injuries
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Abstract
Brachial plexus injuries can vary in the degree of neural damage and the
potential for nerve regeneration. Thorough serial physical examinations are
necessary to monitor for reinnervation. Imaging and electrodiagnostic
studies can aid in the detection and characterization of brachial plexus
injuries. If reinnervation is not possible because of the type of brachial
plexus injury (root avulsions), or functional recovery is not expected to occur
prior to irreversible motor end plate deterioration, or nerve regeneration is
not exhibited after a period of observation of approximately 6 months, then
brachial plexus exploration and reconstruction is indicated. Secondary
brachial plexus reconstruction is sometimes necessary to provide additional
improvements in function after index reconstructive attempts. In select
patients, amputation may be a viable surgical option to allow early
prosthetic fitting. The decision to perform reconstruction versus amputation
is complex and requires a multidisciplinary and patient-centered approach.

Keywords: brachial plexus injuries; brachial plexus
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Introduction

Brachial plexus injuries (BPIs) are devastating injuries that can result in
long-term functional disability, psychologic anguish, aesthetic issues, and
chronic pain. The annual incidence of traumatic BPIs increases with
greater participation in extreme athletic activities, improved patient
survival after high-speed motor vehicle crashes, and ballistic trauma.1-6

Epidemiology
BPIs usually occur in males age 15 to 25 years.6-8 Approximately 70% of
traumatic BPIs occur in a motor vehicle crash, 70% of which are
associated with motorcycle or bicycle injuries.9 Of those injured while
operating a cycling vehicle, 70% sustained polytraumatic injuries. Overall,
70% of patients sustained a supraclavicular BPI (root and trunk level); of
these, 70% had at least one root avulsion. In the presence of a root
avulsion, 70% of patients had avulsions involving the lower roots (C7, C8,
T1); 70% of these patients had persistent pain.9 Narakas9 termed these
findings the rule of “seven seventies,” based on his observations of 1,068
patients with BPIs over an 18-year period.9,10
Traumatic BPIs can result from a closed (traction, compression, or
both) or open (penetrating) mechanism of injury. Closed BPIs are often the
result of traction on the plexus caused by a forcible separation of the
shoulder girdle from the head and neck, downward traction on the arm, or
abduction of the arm away from the torso (Figure 1). Other etiologies of
closed injuries include tumors, irradiation, and compression.11 Open BPIs
are usually the result of penetrating injuries (gunshot or stab wounds).

Pathoanatomy
Five cervical nerve roots coalesce to form the brachial plexus, typically
C5, C6, C7, C8, and T1. Contributions from C4 and T2 also have been
described.12 In the presence of a C4 or T2 contribution, the brachial plexus
is termed prefixed or postfixed, with an incidence of 28% to 62% and 16%
to 73% in cadaver specimens, respectively. The brachial plexus has five
sections: roots, trunks, divisions, cords, and terminal branches (Figure 2).
The dorsal and ventral nerve rootlets converge to form the spinal root
as it passes through the spinal foramen. The cell bodies for motor nerves
that course within the ventral rootlets originate from the anterior horn cells
of the spinal cord. Conversely, the cell bodies for the sensory nerves that

travel within the dorsal rootlets reside in the dorsal root ganglion (DRG),
which is protected within the spinal canal and foramen (Figure 3, A).
The anatomic location of nerve injury in relation to the DRG has
prognostic value. When the spinal rootlets are injured proximal to the
DRG, a preganglionic injury has occurred (Figure 3, B). Preganglionic
BPIs can be further differentiated into central avulsions in which the
rootlets are avulsed directly off the spinal cord and intradural ruptures in
which the rootlets rupture proximal to the DRG. Injuries to the brachial
plexus distal to the DRG result in postganglionic injury10 (Figure 3, C
and D). Although the dorsal and ventral rootlets are both avulsed in most
cases, either rootlet can be avulsed in isolation in as many as 10% of
cases.13-15 Distinguishing a preganglionic from a postganglionic injury is
imperative because spontaneous recovery cannot occur with a
preganglionic BPI. In addition, the technique for brachial plexus
reconstruction is markedly different for the two types of injuries.

Figure 1

Illustration depicts one common mechanism (a fall
from a motorcycle) that can result in a closed, traumatic
brachial plexus injury. The arrow represents the direction of the
force causing the nerve avulsions and ruptures. (Courtesy of
the Mayo Foundation for Medical Education and Research,
Rochester, MN.)

The roots merge to form the upper trunk (C5 and C6), middle trunk
(C7), and lower trunk (C8 and T1). The site at which C5 and C6 unite (the

point of Erb) marks the location where the suprascapular nerve emerges.10
The trunks divide into anterior and posterior divisions as the brachial
plexus passes beneath the clavicle (Figure 4). The posterior divisions
coalesce to form the posterior cord; the anterior divisions of the upper and
middle trunk form the lateral cord. The anterior division from the lower
trunk continues as the medial cord. The cords are named based on their
location relative to the axillary artery (Figure 4).

Figure 2

Illustration of the brachial plexus nerves. LSS =
lower subscapular, MABC = medial antebrachial cutaneous,
MBC = medial brachial cutaneous, TD = thoracodorsal, USS =
upper subscapular. (Courtesy of the Mayo Foundation for
Medical Education and Research, Rochester, MN.)

Many terminal branches of the brachial plexus originate from the cords
(Figure 2). The lateral cord splits into the musculocutaneous nerve and the
lateral cord contribution to the median nerve. The medial cord parts to
form the ulnar nerve and the medial cord contribution to the median nerve.
The posterior cord divides into the axillary and radial nerves.
Terminal branches can arise in various sites within the brachial plexus.
The phrenic, dorsal scapular, and a contribution to the long thoracic nerve
branches off the C5 nerve root. The suprascapular nerve and the nerve to

the subclavius muscle originate from the upper trunk. The lateral pectoral
nerve originates from the lateral cord; the medial pectoral, medial brachial
cutaneous, and medial antebrachial cutaneous nerves form from the medial
cord. The thoracodorsal and upper and lower subscapular nerves emerge
from the posterior cord.
In addition to root avulsions causing BPIs, traumatic BPIs can occur
when the neural elements are stretched or ruptured (Figure 3, C and D).
Lesions that remain in continuity (stretch) have the potential for
spontaneous recovery based on the degree of neural injury (neurapraxia or
axonotmesis).11 A rupture (neurotmesis) of the neural elements can occur
at any site distal to the DRG to the terminal branches. Ruptures most
commonly occur at the root or peripheral nerve levels.
BPIs can be described by the nerve root level involved, by the location
of the injury, or in relation to the DRG. Common patterns of injury based
on the neural level involved include the upper trunk, upper and middle
trunk, lower trunk, and panplexus (complete) BPIs. A panplexus BPI
affects all neural elements of the brachial plexus with similar or varied
degrees of injury. Otherwise, the location of the BPI can be described in
reference to the clavicle as supraclavicular (root and trunk), retroclavicular
(division), and infraclavicular (cords and terminal branches). Similarly, the
location of injury relative to the DRG can be expressed as preganglionic or
postganglionic.

Figure 3

A, Illustration of spinal rootlets and the dorsal root
ganglion within the spinal canal. Illustrations depict avulsion
(B), stretch (C), and rupture (D) brachial plexus injuries.
(Courtesy of the Mayo Foundation for Medical Education and
Research, Rochester, MN.)

Figure 4

Illustration of the brachial plexus in relation to the
clavicle and the axillary artery. (Courtesy of the Mayo
Foundation for Medical Education and Research, Rochester,
MN.)

Figure 5

Image of the brachial plexus physical examination
form. (Courtesy of the Mayo Foundation for Medical Education
and Research, Rochester, MN.)

Figure 6

Clinical photograph of a patient with Horner
syndrome, which consists of miosis, ptosis, and anhidrosis.
(Courtesy of the Mayo Foundation for Medical Education and

Research, Rochester, MN.)

BPIs usually occur at sites where the nerve is relatively fixed,
restrained by surrounding structures, or changes direction. Examples
include the suprascapular nerve within the suprascapular notch, the
axillary nerve within the quadrilateral space, or the musculocutaneous
nerve as it penetrates the coracobrachialis.11 In general, supraclavicular
injuries are more common than infraclavicular injuries. Of the
supraclavicular injuries, a panplexus BPI is the most common injury
pattern. In addition, upper trunk lesions are more common than lower
trunk injuries.

Physical Examination
A thorough physical examination can aid in the accurate diagnosis of a
BPI. On inspection, any traumatic or surgical wounds are noted. The
resting position of the hand, wrist, elbow, and shoulder girdle can help
elucidate the dysfunctional motor units. Percussion along the course of the
nerve can elicit paresthesias in the distribution of the nerve root that can
help distinguish between preganglionic and postganglionic injuries. Pain
over a percussed nerve typically indicates a rupture, whereas lack of pain
can indicate an avulsion.10 An advancing Tinel sign suggests a recovering
nerve lesion and should be serially examined over time.14
Table 1 Physical Examination Findings That Suggest
Preganglionic Brachial Plexus Injuries

A systematic motor examination of the entire affected upper extremity
is imperative to localize the BPI (Figure 5). Motor strength can be graded
based on the modified British Medical Research Council system, with

useful motor function defined as grade 3 or higher. To assign grade 3
strength to a muscle, the muscle unit tested needs to have motion against
gravity in the full arc of passive range of motion. Grade 3 strength cannot
be obtained if active motion is unequal to passive motion, no matter how
strong the muscle is in the lesser arc of motion. In addition, the integrity of
cranial nerve XI should be assessed with strength testing of the upper,
middle, and lower trapezius, because the spinal accessory nerve can be
used as a donor nerve for nerve transfers or the trapezius tendon can serve
as a donor for shoulder tendon transfers.
In most cases, upper trunk injury results in a predictable loss of
shoulder abduction, external rotation, and elbow flexion. Additional
damage to the C7 nerve root in an upper trunk BPI can be indicated by
triceps, pronator teres, and/or wrist and finger extensor muscle weakness.
An isolated lower trunk injury often manifests as loss of hand function
(intrinsic and extrinsic) with preserved shoulder and elbow function. In T1
nerve root avulsions, disruption of the sympathetic outflow to the head and
neck can occur because of the intimate relationship of the sympathetic
ganglion for T1 and the adjacent nerve root. This can be clinically evident
with Horner syndrome (miosis, ptosis, and anhidrosis) (Figure 6).
Similarly, certain findings on clinical examination can suggest a
preganglionic BPI within the upper trunk (Table 1).
A comprehensive neurologic examination must be performed to
identify a coexistent spinal cord injury (SCI). A prevalence of 12% has
been reported for a concomitant SCI in patients with a BPI.16 Patients with
a combined BPI/SCI who have sustained a preganglionic injury at one or
more root levels are more likely to exhibit Horner syndrome and phrenic
nerve dysfunction than a patient with an isolated BPI. Theoretically, a
shared mechanism of injury results in a combined SCI/BPI. Therefore, a
neurologic examination of the contralateral upper limbs and bilateral lower
limbs should be performed, including sensory levels and the presence of
increased reflexes or pathologic reflexes.10
A vascular examination is performed because injury to the axillary
artery is not uncommon with infraclavicular BPIs or in cases of
scapulothoracic dissociation. The status of the axillary artery is also
important because the thoracoacromial trunk is a common target vessel for
free-functioning muscle transfers (FFMTs).

Figure 7

Coronal (A) and axial (B) CT myelograms of the
spine show pseudomeningoceles and root avulsions. (Courtesy
of the Mayo Foundation for Medical Education and Research,
Rochester, MN.)

Imaging Studies
After a traumatic injury to the neck or shoulder girdle, initial imaging
studies should include plain radiographs of the cervical spine, shoulder
(AP and axillary views), and chest. Spine radiographs are obtained to rule
out any associated cervical spine fractures that could encroach on the
spinal cord and cause an SCI. Cervical transverse process, spinous process,
and vertebral body fractures are often associated with a root avulsion at the
same level.10 Shoulder radiographs are obtained to ensure glenohumeral
joint reduction because loss of deltoid and rotator cuff muscle tone results
in inferior subluxation of the humeral head from the glenoid. Chest
radiographs are evaluated for any rib fractures and the presence of an
elevated hemidiaphragm, which can indicate phrenic nerve palsy. These
findings can deter use of the intercostal nerves and/or the phrenic nerve as
potential donors for nerve transfers. Clavicle or rib fractures (first or
second rib) can be assessed on shoulder and chest radiographs and can
suggest trauma to the brachial plexus.
The use of CT myelography has markedly improved the ability to
identify a nerve root avulsion. With avulsion, the dural sac can rupture and
subsequently heal, producing a pseudomeningocele, which is characteristic
of a preganglionic injury11 (Figure 7). Fine-cut postmyelographic CT has
a reported sensitivity and specificity between 80% and 90% in the

detection of both pseudomeningoceles and the diagnosis of root
avulsions.13,14,17-19 However, immediately after a preganglionic BPI, a
hematoma can be present within the pseudomeningocele that can displace
the dye used for myelography, producing a false-negative result.10
Therefore, CT myelography should be performed 3 to 4 weeks after BPI to
allow blood clots to disperse and pseudomeningoceles to fully form.
MRI has some advantages over CT myelography when evaluating
patients with a BPI.18,20,21 CT myelography is limited to visualization of
the nerve roots, whereas MRI can visualize the entire brachial plexus,
which allows identification of neuromas, inflammation, edema, and mass
lesions within or adjacent to the brachial plexus. The ability of MRI
myelography to aid in the diagnosis of root avulsions approaches that of
CT myelography.13,18,20-23 However, in the acute setting, CT
myelography is the preferred advanced imaging study of this chapter’s
authors.

Electrodiagnostic Studies
Electrodiagnostic studies, such as electromyography (EMG) and nerve
conduction velocity studies, are extremely useful in evaluating the extent
of recovery and in preoperative and intraoperative decision making. For
closed and certain open BPIs (such as gunshot wounds) that are not
indicated for immediate exploration and nerve repair, baseline
electrodiagnostic studies should be performed at 3 to 4 weeks after injury.
Otherwise, wallerian degeneration has not fully occurred and pathologic
findings may not be detected. In addition to a thorough history, physical
examination, and imaging studies, electrodiagnostic studies should be
included to assist in the diagnosis and localization of a BPI.
EMG assesses the resting and functional status of the muscles.
Reduced recruitment of motor unit potentials and denervation changes
(fibrillation potentials) can be detected in proximal muscles within a few
weeks after a BPI. In addition, EMG can help evaluate muscles that are
innervated by root level motor branches (cervical paraspinals, rhomboids,
serratus anterior); dysfunction in these muscles suggests root avulsions.
EMG recovery does not always translate to clinical recovery because EMG
merely indicates that an unknown number of nerve fibers have reached the
motor end plates. Conversely, EMG will not detect reinnervation in distal
muscles despite ongoing nerve regeneration.

Nerve conduction velocity studies can help identify the level of injury
(preganglionic versus postganglionic) and the integrity of the tested
nerves. Sensory nerve action potentials are present in preganglionic BPIs
because the lesion is proximal to the DRG and the sensory nerve cell body
remains intact. Therefore, a patient who is insensate in the associated
sensory nerve distribution when a sensory nerve action potential is present
most likely has sustained a root avulsion. In contrast, if a sensory nerve
action potential is absent, a postganglionic BPI could have been sustained
in isolation or in combination with a preganglionic injury.
Intraoperative use of electrodiagnostic studies is integral to surgical
decision making. Commonly used techniques include nerve action
potentials, somatosensory-evoked potentials, and motor-evoked potentials.
The presence of a nerve action potential across a nerve lesion indicates
intact (preserved or regenerating) axons and suggests that nerve recovery
will occur with neurolysis alone in 90% of patients.24 The presence of a
somatosensory-evoked potential or a motor-evoked potential indicates an
intact connection between the central and peripheral nervous system
through a preserved dorsal or ventral rootlet, respectively. Therefore, both
somatosensory-evoked potentials and motor-evoked potentials are absent
in postganglionic BPIs and in combined preganglionic and postganglionic
BPIs.

Fundamentals of Surgical Management for BPI
The tenets of brachial plexus reconstruction revolve around patient
selection, timing of surgery, and the priority of restoring function within
the upper limbs.10 Patients are indicated for surgery in the absence of
clinical or electrodiagnostic evidence of recovery on serial examinations or
when recovery is impossible (root avulsions).
The timing of surgery depends largely on the mechanism of injury. In
penetrating injuries with sharp transection of the brachial plexus,
immediate exploration and primary repair is warranted to facilitate direct
nerve coaptation before the onset of perineural scarring. Penetrating
injuries from a blunt object can be treated in a subacute manner (3 to 4
weeks) to facilitate further demarcation of the neural zone of injury that
can be adequately identified and resected at the time of surgery. Gunshot
wounds are treated based on the projectile velocity; BPIs resulting from
low-velocity gunshot wounds often cause neurapraxia, and spontaneous

recovery can be expected. However, in cases of high-velocity gunshot
wounds, surgical exploration is often necessary because of the magnitude
of associated soft-tissue damage.10
For closed BPIs, the timing of surgery depends largely on the type of
nerve injury. For root avulsions, early surgery is recommended at 3 to 6
weeks after injury, whereas presumed ruptures and stretch injuries should
be explored at 3 to 6 months after serial examinations with demonstration
of inadequate or absent reinnervation. Typically, brachial plexus
exploration and reconstruction should be performed by 6 months after
injury.11 Poor outcomes can be expected in patients who undergo brachial
plexus reconstruction beyond 6 to 9 months after injury because motor end
plates degenerate before the regenerating nerves can reach the target
muscles.10 After 1 year, brachial plexus reconstruction is not advised
because of progressive neural death and irreversible muscle atrophy.11
The priority of brachial plexus reconstruction is to restore elbow
function, obtain shoulder abduction and stability, regain hand sensibility,
provide wrist flexion and finger extension, and establish hand intrinsic
function.10 These functions can be obtained with primary and secondary
brachial plexus reconstruction. Primary brachial plexus reconstruction
refers to the initial surgical management to include neurolysis, direct nerve
repair, nerve grafting, nerve transfers, and FFMTs. Secondary brachial
plexus reconstruction is performed to improve the gains achieved with
primary reconstruction or if prior attempts at reconstruction have failed;
examples include tendon/muscle transfers, FFMTs, arthrodesis, and
corrective osteotomies.10,25

Primary Brachial Plexus Reconstruction
Direct Nerve Repair
Although not commonly performed to treat stretch BPIs, direct nerve
repair with epineural sutures can be performed for the acute management
of sharp penetrating trauma such as lacerations and transections. Nerve
retraction and scarring seldom can result in a tension-free direct repair
when performed subacutely.11

Neurolysis
Neurolysis is integral to brachial plexus exploration and in preparation for
nerve grafting or transfers. Neurolysis alone is performed only when nerve

continuity is noted, if a nerve action potential can be conducted across the
lesion, and if somatosensory-evoked potentials can be observed.23

Nerve Grafting
Interposition nerve grafting can be performed in the presence of a
postganglionic rupture or absent nerve action potentials across a lesion
within an intact nerve. Before nerve grafting is performed, it is imperative
to excise all injured portions of the nerve, the entire neuroma, and the
distal and proximal stumps until healthy-appearing nerve fascicles are
encountered. Because the external appearance and consistency of a
damaged nerve does not often correlate with the internal appearance and
potential for nerve recovery, histopathologic examination and
acetylcholinesterase staining have been advocated to evaluate the nerve
fascicles.26,27 Typically, when viable nerve roots are available for
intraplexal nerve grafting, each spinal level is used for a specific function:
C5 for shoulder abduction (axillary and suprascapular nerve), C6 for
elbow flexion (musculocutaneous), and C7 for elbow and wrist extension
(radial nerve).10,28
Various autogenous donor nerve grafts are available for nerve grafting.
This chapter’s authors prefer to harvest the sural nerves, which are
reversed and placed in parallel fashion to match the recipient nerve
diameter and fascicular cross-sectional area (cable nerve graft). Ipsilateral
cutaneous nerves also can be harvested, including the superficial branch of
the radial, medial brachial cutaneous, and medial and/or lateral
antebrachial cutaneous nerves. In documented cases of C8 and T1
avulsions, the ipsilateral vascularized ulnar nerve graft (based on the
superior ulnar collateral artery) can be used with the theorized benefit of
accelerated axonal regeneration.11

Figure 8

Illustration shows intercostal nerve transfers to the
biceps motor branch. (Courtesy of the Mayo Foundation for
Medical Education and Research, Rochester, MN.)

Nerve Transfers
Nerve transfers (neurotization) can be performed for all BPIs. The
postulated benefit of nerve transfers for postganglionic BPIs is to decrease
the distance required for nerve regeneration by transferring a viable motor
nerve as close to the motor end plate as possible, which can accelerate
motor recovery in a more reliable manner compared with nerve grafting.11
Donor nerves for transfer can be obtained from outside (extraplexal) or
within (intraplexal) the brachial plexus.
The most common extraplexal donor nerves used in brachial plexus
reconstruction include the ipsilateral intercostal and spinal accessory

nerves.29,30 With approximately 1,200 to 1,300 axons per intercostal
nerve, up to four intercostal motor nerves (the third through the sixth) can
be transferred to the biceps motor branch or can power an FFMT to restore
elbow flexion10,11 (Figure 8). The intercostal sensory nerves can be
selectively transferred to restore upper limb sensibility. The intercostal
nerves should be used cautiously in the setting of multiple rib fractures.
The distal trunk of the spinal accessory nerve has approximately 1,500 to
1,700 myelinated fibers (predominately motor fibers) that can be directly
transferred to the suprascapular nerve or with an interposition nerve graft
to the biceps motor branch (Figure 9). After these nerve transfers, patients
report minimal chest wall discomfort and note minimal loss of trapezius
function, respectively.

Figure 9

Illustration of spinal accessory nerve transfer to the
biceps motor branch. (Courtesy of the Mayo Foundation for

Medical Education and Research, Rochester, MN.)

Extraplexal nerve transfers have expanded to include the phrenic and
the contralateral C7 nerves.31,32 With approximately 800 myelinated
fibers within the phrenic nerve, its course through the typical
supraclavicular approach facilitates convenient transfer to the
suprascapular nerve or directly to its divisions.10 Interposition nerve grafts
can extend the phrenic nerve transfer to reach the musculocutaneous or
axillary nerves. Ipsilateral phrenic nerve harvest can result in a 10%
decrease in pulmonary vital capacity that returns to baseline between 6 and
24 months; therefore, this nerve should not be transferred in patients with
severe chest trauma or in children younger than 2 years.11 The C7 nerve
root has approximately 27,000 to 30,000 nerve fibers and has been used to
restore shoulder, elbow, and grasp function.10,11,33,34
Intraplexal nerve transfers use expendable fascicles or branches from
viable nerves within the brachial plexus to power target muscles. Some
examples of intraplexal donor and recipient nerves include the
thoracodorsal, medial pectoral, and median nerve fascicles transferred to
the biceps motor branch and the distal anterior interosseous nerve
transferred to the deep motor branch of the ulnar nerve.11,35-39 Two
common intraplexal nerve transfers include flexor carpi ulnaris motor
branch fascicles of the ulnar nerve to the biceps motor branch for elbow
flexion (Oberlin nerve transfer) (Figure 10) and the motor branch of the
long head of the triceps to the axillary nerve for shoulder abduction
(Leechavengvongs nerve transfer)40-44 (Figures 11 and 12). The Oberlin
and Leechavengvongs nerve transfers are indicated for C5 and C6 avulsion
(in some instances C7 is included); these transfers also have restored M4
biceps and deltoid strength with no noticeable loss of hand function or
elbow extension strength.11,42,43

Figure 10

Images demonstrate the Oberlin technique of
nerve transfer of the ulnar nerve (UN) fascicle to the biceps
motor (BM) branch. A, The surgical site and the incision. B,
The BM branch is mobilized and transected (dashed line) from
the musculocutaneous nerve. C, The UN motor fascicle to the
flexor carpi ulnaris is identified, mobilized, and transected
(dashed line). D, The UN motor fascicle is coapted to the BM
branch using microsurgical techniques. E, Intraoperative
photograph showing the BM branch and the UN. (Courtesy of
the Mayo Foundation for Medical Education and Research,
Rochester, MN.)

Free-Functioning Muscle Transfer
FFMT using intraplexal or extraplexal donor nerves can be performed to
restore vital function within the limb with a BPI. Single- or double-gracilis
FFMTs have been reported to obtain elbow flexion alone or in addition to

finger extension and finger and thumb flexion, respectively.6 The authors
of this chapter transfer the contralateral gracilis to the upper limb using the
thoracoacromial artery as a donor artery, the cephalic vein as the venous
outflow, and the spinal accessory or multiple intercostal nerves as the
source of nerve reinnervation to provide elbow flexion alone (Figure 13,
A), elbow flexion and wrist extension (Figure 13, B), or elbow and finger
flexion11 (Figure 13, C). M4 or better elbow flexion was noted in 80%
and 63% of patients who underwent FFMT to restore single or dual
function, respectively.

Figure 11

Illustrations demonstrate the Leechavengvongs
nerve transfer of the triceps motor branch to the axillary nerve.
A, Overview and overlying skin incision (dashed line). B,
Planned nerve transfer. C, Completed nerve transfer. (Courtesy
of the Mayo Foundation for Medical Education and Research,
Rochester, MN.)

Figure 12

Clinical photographs obtained before (A) and after
(B) the Leechavengvongs nerve transfer of the triceps motor
branch (T) from the radial nerve (RN) to the axillary nerve (AN).
Note the cutaneous branch (CB) of the axillary nerve. (Courtesy
of the Mayo Foundation for Medical Education and Research,
Rochester, MN.)

Secondary Brachial Plexus Reconstruction of the
Shoulder
Glenohumeral motor function has been categorized into three groups: the
prime movers, the steering group, and the depressor group.45 The prime
movers (the deltoid and the clavicular head of the pectoralis major)
provide lifting power, the steering group (the subscapularis, supraspinatus,
and infraspinatus) guides humeral motion and provides additional lifting
power, and the depressor group (the sternal head of the pectoralis major,
latissimus dorsi, teres major, and teres minor) rotates the humeral shaft and
helps achieve full overhead humeral elevation.25 All groups must work in
concert for synchronized motion of the upper limbs. With a BPI, paralysis
of any of these muscles can result in an imbalance and cause painful
subluxation of the glenohumeral joint.
In addition to restoring shoulder motion, correcting shoulder instability
and imbalance is critical for overall upper limb function and for pain

control. Shoulder stabilization can improve outcomes after brachial plexus
reconstruction, specifically FFMT for elbow flexion and prehension.46
The goals of shoulder reconstruction in the setting of a BPI are pain relief
(from shoulder subluxation), stability, and restoration of forward elevation,
abduction, and external rotation.25 These goals can be obtained with softtissue releases, tendon transfers, derotational osteotomy of the humerus, or
shoulder arthrodesis.

Figure 13

Illustrations of free-functioning muscle transfers
for elbow flexion (A), elbow flexion and wrist extension (B), or
elbow and finger flexion (C). (Courtesy of the Mayo Foundation
for Medical Education and Research, Rochester, MN.)

Shoulder Soft-Tissue Release
With any tendon transfers about the shoulder, it is imperative that the joint
is supple, with full passive range of motion to optimize secondary
reconstruction outcomes. Preganglionic C5 and C6 lesions can result in
unopposed shoulder internal rotation attributable to the subscapularis (C7)
and teres major (C7), in addition to adduction afforded by the pectoralis
major (C8 and T1). Internal rotation contracture can be corrected by
releasing the origin of the subscapularis from the medial border of the
scapula.47-49 Although marked improvements in external rotation have
been noted in early postoperative follow-up, recurrent deformity can
occur.47 Release of the pectoralis major, in addition to concomitant tendon
transfer, also has been advocated.50,51

Shoulder Tendon Transfers
Shoulder abduction and forward flexion can be restored with various

tendon transfers. Classically, the upper trapezius muscle transfer has been
used to improve shoulder stability.52-54 The initial technique entailed
transfer of the bony acromial insertion of the upper trapezius to the
humeral shaft (distal to the greater tuberosity).45,55 A later modification
involved medial advancement of the deltoid over the transferred trapezius
to improve shoulder stability.56 Approximately 95% of the patients (70 of
74) who underwent trapezius transfer in one series were satisfied with
shoulder stability and function.53 Mean shoulder abduction after trapezius
transfer ranged from 39° to 116°.53,54,57-60 Other tendon transfers about
the shoulder have been described, including transfer of the latissimus dorsi
(with or without the teres major) and pectoralis major.61-65
Based on anatomic feasibility studies, the authors of this chapter have
expanded the role of tendon transfers in the paralytic shoulder. Isolated
transfer of the lower trapezius to the infraspinatus can be performed
directly to restore active shoulder external rotation if the glenohumeral
joint remains reduced with adequate passive range of motion and minimal
degenerative change66 (Figure 14). In complete BPIs, complex shoulder
reconstruction can be performed with transfers of the upper and middle
trapezius to the deltoid, the levator scapulae to the supraspinatus, the lower
trapezius to the infraspinatus, and the upper serratus to the subscapularis,
provided that all donor muscles exhibit a minimal M4 level strength.45,6769

Derotational Humeral Osteotomy
Derotational osteotomy of the humerus corrects hand and forearm
malpositioning, which can improve upper limb function. The procedure
can be performed as an alternative to shoulder tendon transfers to enable
external rotation or as a salvage procedure if primary brachial plexus
reconstruction or tendon transfers (latissimus dorsi or teres major) fail.7073 If a glenohumeral internal rotation contracture exists even with
restoration of elbow flexion, the patient’s forearm can limit elbow flexion
by striking the chest.53 The osteotomy is performed just proximal to the
deltoid insertion, and approximately 30° of external rotation is introduced
to the distal segment.70 In one series, humeral derotational osteotomy
yielded a mean correction of external rotation to 27°.60

Figure 14

Images demonstrate ipsilateral lower trapezius
transfer to the infraspinatus. A, Normal position of the lower
trapezius. B, Elevation of the lower trapezius to the uninjured
spinal accessory nerve. C, Transfer to the infraspinatus tendon.
(Courtesy of the Mayo Foundation for Medical Education and
Research, Rochester, MN.)

Shoulder Arthrodesis
The goal of glenohumeral arthrodesis is to provide a stable foundation
within the upper limb kinetic chain, focusing all brachial plexus

reconstruction efforts on restoring elbow and hand function. A flail
shoulder can result in painful inferior glenohumeral subluxation and
inability to position the hand in space. If the trapezius and levator scapulae
remain intact after BPI, useful scapulothoracic motion can be achieved
after glenohumeral arthrodesis.74 Preserved serratus anterior function can
even allow forward flexion of the upper limb through scapular rotation
while persistent pectoralis major function permits brachiothoracic
grasp.74,75 Many factors affect outcomes after glenohumeral arthrodesis,
including position of the fusion, particularly in internal rotation; continued
pain; and residual hand function.74,76-79 However, glenohumeral
arthrodesis has been shown to improve function in patients with complete
BPIs, with restored elbow flexion despite poor hand function.75
Recent advances in nerve grafting and transfer has limited the role of
primary glenohumeral arthrodesis because patients prefer voluntary
shoulder abduction if it can be achieved.10,46 Functional outcomes of
brachial plexus reconstruction to restore shoulder function are less
predictable than for restoration of elbow function; thus, glenohumeral
arthrodesis can be considered a salvage procedure.75,80-83 Rouholamin et
al74 reported on 13 patients with BPIs (4 complete, 7 upper trunk, and 2
lower trunk) who underwent glenohumeral arthrodesis in 30° of abduction,
30° of flexion, and 20° of internal rotation, with mean postoperative active
abduction of 56° (range, 50° to 80°). Ten patients had excellent pain relief
from preoperative levels and 12 perceived an improvement in
postoperative limb function. For complete and partial BPIs, Atlan et al84
observed respective mean active abduction of 57° and 62° and respective
mean active arc of rotation of 50° and 46°. Chammas et al75 noted
improved hand excursion and strength of shoulder adduction and external
rotation if the inferior head of the pectoralis major had at least M3
strength, and improved active shoulder range of motion and strength of
adduction and internal rotation if the superior head of the pectoralis major
had at least M3 strength.

Secondary Brachial Plexus Reconstruction of the
Hand and Wrist
Wrist, Thumb Interphalangeal, and Trapeziometacarpal
Arthrodesis

In addition to positioning the terminal limb in space, functional hand
movement requires the ability to grasp and release.10,85,86 Although
tendon transfers and FFMTs can restore hand function, many factors can
impede outcomes. A basic tenet of tendon transfer is to provide a straight
line of pull, which is difficult to achieve for finger and thumb flexors in
patients with BPIs because of wrist instability and thumb malposition with
instability.87 With wrist instability, tendon excursion and strength are
wasted on useless wrist motion instead of vital finger and thumb motion as
the tendon transfer or FFMT courses across a flaccid wrist. With the loss
of thumb intrinsic and/or extrinsic motor tone that helps position the
thumb for pinch, the imbalance of forces results in a supinated thumb with
trapeziometacarpal hyperextension and interphalangeal joint hyperflexion
that neutralizes any attempts to restore pinch.
Combined wrist, thumb interphalangeal joint, and trapeziometacarpal
arthrodesis can improve hand function after brachial plexus reconstruction.
Wrist arthrodesis results in a stable, painless carpus that enhances
aesthetics and improves hygiene.53,87-90 Furthermore, it can augment
reconstruction efforts to reanimate the hand. Addosooki et al89 performed
wrist arthrodesis, in addition to double free-muscle transfers to restore
hand prehension, and observed improved finger range of motion and
overall hand function.89,91 Similarly, the addition of thumb
interphalangeal joint and trapeziometacarpal arthrodesis can improve
thumb pinch after FFMT performed for BPI.6 In one series, concomitant
wrist, thumb interphalangeal joint, and trapeziometacarpal arthrodesis
were performed as secondary procedures in 24 patients, resulting in
substantial improvements in mean Disabilities of the Arm, Shoulder and
Hand scores (from 51 preoperative to 28 postoperative; P < 0.001) and
pain scores (from 5.3 preoperative to 3.2 postoperative; P < 0.001) with
overall improvements in appearance, function, daily care, hygiene, pain,
and satisfaction.87

The Role of Amputation in BPIs
Isolated Transradial Amputation
Transradial amputation can be performed and a terminal prosthesis fitted
to improve upper limb function in cases of lower trunk BPIs or when
reconstruction fails to reanimate the hand, provided that elbow and
shoulder function have been restored or are maintained. Proponents of

transradial amputation postulate that preserved elbow proprioception
improves the usefulness and degree of acceptance of the prosthesis.92
Even in the setting of a flail elbow and insensate residual limb,
proprioception may be intact and successful prosthetic fitting can be
achieved without wound problems.
However, elective transradial amputation is rarely performed because
of recent advances in distal nerve transfers, such as the anterior
interosseous nerve transfer to the deep motor branch of the ulnar nerve,
and the ability to enhance prehension with tendon transfers and FFMTs
with selective wrist and hand arthrodesis.38,39,87 Allieu and Cenac1
recommended that “no patient should be subjected to forearm
amputation…if they have active elbow flexion. It is always better for the
patient to have a soft pliable hand for human contact, even if it is insensate
and paralyzed, rather than a cold inanimate orthosis.” The only indication
for isolated transradial amputation is recurrent complications such as
infection and injury resulting from an insensate hand that has no evidence
of nerve recovery even after reconstruction.

Isolated Transhumeral Amputation
Isolated transhumeral amputation to treat complete BPIs has been largely
abandoned; however, it can be performed in select patients. With advances
in microsurgery, patients without evidence of neurologic recovery initially
should undergo brachial plexus exploration and reconstruction. In 1980,
Rorabeck93 reported on 14 patients with a complete BPI who underwent
primary transhumeral amputation within 6 weeks to 3 years of injury with
the primary indication to accelerate rehabilitation or for pain relief. After
amputation, eight patients wore their prosthesis for more than 8 hours per
day and only one patient used the prosthesis for functional purposes. Of
six patients who underwent amputation for pain relief, three noted pain
relief postoperatively. Neuropathic pain associated with BPI is centrally
mediated; therefore, amputation will not provide pain relief and should
never be performed for this reason.
Historically, the indications for transhumeral amputation were for
repeated infections and/or injury to an insensate limb or when the flaccid
arm interferes with the patient’s activities and is requested.94 The current
indications for elective amputation are no evidence of recovery in the
setting of a complete, preganglionic BPI with chronic complications, such
as recurrent injury or infection; a well-informed patient who is willing to

undergo multidisciplinary care, such as consultations with rehabilitation
staff, psychologists, and prosthetic team members; a patient who
understands that centrally mediated neuropathic pain will not improve,
although shoulder pain from inferior subluxation caused by the weight of
the arm may improve; and a patient who agrees that the goal of amputation
is to improve activities of daily living and to prevent injury to an insensate
limb.
Table 2 Indications and Contraindications for Glenohumeral
Arthrodesis, Transhumeral Amputation, and Early Prosthetic
Fitting

Combined Transhumeral Amputation and Glenohumeral
Arthrodesis
The rationale for transhumeral amputation after a BPI is to allow
prosthetic fitting, whereas glenohumeral arthrodesis permits shoulder
protraction through the preserved thoracoscapular muscles to operate a
mechanical prosthesis.95 In 1961, Yeoman and Seddon96 noted that
patients who underwent transhumeral amputation and shoulder arthrodesis
within 16 months of injury were more likely to use their prosthesis
compared with patients who became proficient at one-handedness within 2
years after the BPI. Subsequently, Parry97 reported that of 14 patients with
complete BPIs who underwent combined amputation and arthrodesis

procedures within 6 months of injury, 10 patients returned to work within
1 year. However, Ransford and Hughes98 reviewed their series of early
versus late combined amputation and arthrodesis procedures in 13 patients
with complete BPIs and noted that only 2 patients with BPI in the
dominant limb truly used their prosthesis functionally irrespective of the
time to amputation.
Transhumeral amputation, glenohumeral arthrodesis, and an externally
powered prosthesis may facilitate early return of upper limb function in
patients with complete preganglionic BPIs. In traumatic upper limb
amputations, immediate use of a postoperative prosthesis has been
associated with marked improvements in rehabilitation.99 Malone et al7
reported on a 23-year-old patient with a complete preganglionic BPI who
underwent transhumeral amputation and glenohumeral arthrodesis and
received an early myoelectric elbow and hand prosthesis at 6 years after
injury. This patient was able to return to work and was satisfied with the
functional results. Similarly, Thyberg and Johansen100 observed 16 hours
of daily myoelectric transhumeral prosthesis use and function in a 20-yearold patient with a nonspecified BPI that was equivalent to that of a patient
with a myoelectric transradial prosthesis. More recently, Bedi et al101
anecdotally observed considerable relief from pain caused by shoulder
instability and inferior subluxation and improved functional rehabilitation
in carefully selected patients who were treated with combined amputation
and arthrodesis.
For the authors of this chapter, the role of amputation and arthrodesis
procedures is limited given the current advances in brachial plexus
reconstruction. Previously, amputation and arthrodesis procedures were
recommended in patients with dominant limb involvement who had
difficulty transferring hand dominance to the nondominant limb, in
patients who could not participate in athletic activities because of
interference from the limb, or in patients who were repulsed by their
flaccid limb.95,98 More recently, early physical therapy and attempted
brachial plexus reconstruction have been advocated, reserving combined
amputation and arthrodesis as a salvage procedure.102 The authors’ current
indications and contraindications for the combined procedure are listed in
Table 2.101,103-105

Initial Brachial Plexus Reconstruction Versus

Transhumeral Amputation and Glenohumeral
Arthrodesis
Brachial plexus exploration and reconstruction should be performed before
proceeding with combined transhumeral amputation and glenohumeral
arthrodesis for all BPIs that show no evidence of reinnervation.106
Historically, the combined amputation and arthrodesis procedures were
performed early after a complete BPI to facilitate successful two-handed
function with the aid of a prosthesis.93,97,98,107 Parry94 was a proponent
of this treatment option until excellent recovery of elbow and shoulder
function was observed in 11 of 12 patients with a complete BPI who were
initially recommended to undergo combined amputation and arthrodesis
procedures but refused. Current microsurgical techniques for brachial
plexus reconstruction can result in an animate arm that is functional in
most cases, irrespective of complete or partial and preganglionic or
postganglionic BPIs.86 If index reconstruction efforts fail, secondary
reconstruction procedures can still improve outcomes.10,11,25,69 Even in
the setting of complete BPI, Allieu and Cenac1 recommended that “no
patient should be subjected to upper extremity amputation…because they
never require it emergently and almost never ask for it later. Thus, a totally
paralyzed arm is better than amputation.”

Authors’ Current Treatment Algorithm
For most open BPIs, including penetrating trauma and high-velocity
gunshot wounds, immediate brachial plexus exploration and primary nerve
repair or brachial plexus reconstruction is performed. For closed traumatic
BPIs, the patient is initially evaluated in a multidisciplinary fashion
(neurology, orthopaedic surgery, neurosurgery, and physical medicine and
rehabilitation) 3 to 6 weeks after injury to obtain a baseline physical
examination. An electrodiagnostic study and fine-cut CT myelography are
performed to determine the type (preganglionic or postganglionic) and
level of BPI in conjunction with the physical examination. Upper limb
splinting, occupational therapy, and antineuropathic pain medications are
initiated immediately after the injury. Serial examinations are performed
until 6 months after injury. If no evidence exists of substantial nerve
regeneration or motor recovery, brachial plexus reconstruction is
performed; otherwise, patient observation continues. If necessary,

additional secondary brachial plexus reconstruction is performed to
enhance the function gained by the index reconstruction attempt. If
primary and secondary reconstruction both fail in the patient with
functional scapulothoracic muscles, a salvage procedure of transhumeral
amputation, glenohumeral arthrodesis, and early prosthetic fitting is
indicated and can be performed if requested by the patient.

Summary
BPIs can result in a wide range of dysfunction to the upper limbs and have
variable potential for nerve regeneration. A meticulous physical
examination, in concert with imaging and electrodiagnostic studies, is
necessary to characterize the BPI and formulate a treatment plan. A
multidisciplinary approach to patient care is necessary to maximize
clinical outcomes. With current advances in microsurgical techniques,
brachial plexus reconstruction should be attempted. Amputation of the
upper limb after a BPI should be reserved as a salvage procedure.
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Hand Transplantation
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Abstract
Because hand loss affects nearly every activity of daily living and results in
substantial disability, vascularized composite allotransplantation offers an
alternative to prosthesis use and can be considered a restorative option for
carefully selected patients. Because the outcome of a hand transplant is
greatly dependent on the participation, cooperation, and compliance of a
patient with hand therapy, medications, and follow-up screening
appointments, careful evaluation of transplantation candidates is mandatory.
Evaluation factors should include a patient’s behavior, social support,
financial security, and psychiatric and psychological health. If hand
transplantation is elected, the surgeon must be familiar with donor
procurement procedures, surgical techniques for transplantation at various
levels, postoperative care requirements, possible complications, and the
lifelong need of immunotherapy for the patient.
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Introduction
Although vascularized composite allotransplantation (VCA) remains a
controversial topic in upper limb amputations, there is little disagreement
that hand transplantation is the most important restorative surgery that can
currently be provided for upper limb amputations. Hand loss is a
devastating event that affects nearly every activity of daily living and
leaves patients with substantial disability.1,2 The effect on a patient of
losing both sensibility and prehension often results in despondency, and its
adverse consequences cannot be overstated. Despite promising
technological advances in upper limb prostheses, including targeted
muscle reinnervation and osseointegrated implants, the available literature
still demonstrates high prosthesis rejection rates for upper limb
amputations. These findings suggest that prostheses cannot replicate the
complex prehensile and sensory functions of the native hand and arm in a
reliably comfortable and useful form.3-11 Residual limb discomfort,
prosthesis weight, and limited usefulness remain the most commonly cited
reasons for the rejection of upper limb prosthetics.3,12,13
Hand transplant pioneers surmised that prosthetic devices would never
completely satisfy an individual with an upper limb amputation. Even if
dexterity and prehensile function of the human hand could be restored,
these would do little to restore highly coveted body image or hand
sensibility. Rather, they postulated that these functions could be replaced
only with “like” human tissue and full neural reintegration.14 The VCA
field has grown from this desire to fully restore the functional and
emotional aspects of the human hand (Figure 1).

History
The world’s first hand transplant, likely inspired by the solid organ
transplantation community’s rapid growth, was performed in South
America in 1964.1,15,16 Unfortunately, because of relatively primitive
immunosuppression techniques as well as a lack of basic science
preparation, acute rejection predictably occurred, and the transplanted limb
was amputated less than 1 month later.12,17 This failure, or the realization
that the hand surgery community had reached too far too fast, resulted in a

long interval before the next hand transplant attempt in Lyon, France, in
1998.12,18,19 Technically, this procedure succeeded; however, the
technical success was unsustainable because the patient did not adapt
psychologically to the new hand and discontinued immunosuppressive
medications. The limb was eventually amputated because of chronic
rejection and a lack of function.1 Dr. Warren Breidenbach performed the
first truly successful hand transplant in the United States in 1999. The
patient still has the transplanted hand today—nearly 16 years later—with
excellent function, even returning to work afterward.12,13,20

Figure 1

Clinical photograph of an ideal candidate for
bilateral hand transplantation based on the patient’s
quadrimembral amputations. Ultimately, a multidisciplinary
approach led this patient and the surgeon to determine that
prosthetic function was too good for the risk involved with hand
transplantation. (Copyright L. Scott Levin, MD, Philadelphia,
PA.)

Advances in solid organ transplantation made possible the early
success in hand transplantation in the late 1990s. New medications, such
as tacrolimus and mycophenolate mofetil, decreased the likelihood of
rejection. Animal models of VCA have provided the basic and
translational science evidence that successful allotransplantation without

rejection is possible with these medications.12,21-23 Since then, the VCA
field has grown dramatically. Worldwide, 107 hand transplants have been
performed to date, and at least seven centers in the United States have
performed a hand transplant.

Indications and Ethical Considerations
Primum non nocere—“first do no harm”—must be the paramount
principle as the VCA field progresses. Cooney et al24 echoed this
sentiment in their 2002 American Society for Surgery of the Hand position
statement, when they recommended “great caution and a measured
approach to the patient requesting limb transplant.” This caution has
slowed the growth of VCA compared with growth in solid organ
transplantation. Because the patient considering hand transplantation is not
faced with a life-or-death situation, hand transplantation is very different
from most solid organ transplantations.25 Developing widely accepted
indications for subjecting a physiologically healthy person to the risks of
lifelong immunosuppression remain the preeminent challenges for the
allotransplantation community.26
In 2009, Hollenbeck et al14 indicated that well-defined indications do
not exist for hand or face transplants. Unfortunately, this statement is
relatively accurate today, but the indications remain open to interpretation
by individual VCA centers.27,28 Having recognized the need for more
refined indications for hand transplantation, the allotransplantation
community founded the American Society for Reconstructive
Transplantation in 2008, whose goal is to provide a platform for advancing
composite tissue allotransplantation as relevant to reconstructive and
transplant surgery. The society published guidelines for medical necessity
determination for transplanting the hand and/or an upper limb. Despite this
comprehensive and admirable attempt at defining indications, further
refinement is necessary to ensure the safe advancement of the field.13

Screening for VCA
Hand allotransplantation represents a lifelong commitment by a surgeon,
the patient, the patient’s family, and, ultimately, the healthcare system.
Without the commitment of each entity, the true lifelong success of
transplantation will not be realized. For this reason, screening for VCA is

expensive and laborious, but vitally important. Every aspect of the life of
the transplant candidate must be reviewed. Medical screening should
include primary care, cardiology, infectious disease, and transplant
medicine. In-depth evaluations of a patient’s behavior, social support,
financial security, and psychiatric and psychological health are necessary
and may ultimately disqualify a patient for transplant if possible risk
factors that could lead to failure are identified. The outcome of a hand
transplant is very much dependent on the participation, cooperation, and
compliance of a patient with hand therapy, medications, and follow-up
screening appointments. Every preoperative screening is critical because
these screenings may both predict patient compliance and identify other
medical risk factors for failure.
The psychological assessment is likely the most critical component of
transplant screening, and most patients have been found to have at least
one psychological disorder.29 The success of a kidney, liver, or heart
transplant depends only on a patient’s compliance with medications, but
relatively high rates of medication noncompliance occur among patients
who depend on the transplant(s) for life.30,31 Among a combined heart and
heart/lung transplant population, the only risk factor for graft loss between
6 and 12 months was being unmarried or not living in a stable relationship.
The social support for an individual candidate must be identified, and a
transplant should not occur if the surgeon is not comfortable with a
patient’s support system.13

Preferred Surgical Technique of This Chapter’s
Authors
Donor Procurement
Procurement is performed on donors with brain death declarations whose
families have consented to donation. Donor activation and procurement
specifics have been reported in more detail elsewhere and are briefly
summarized here.32 Hand procurement is performed in a coordinated
fashion with all other organ procurement teams (for example, kidney,
liver, heart, and lungs). The hand(s) may be procured before solid organ
procurement or during solid organ procurement, although they must be
perfused with preservation solution after procurement. Organ donation
patients are heparinized before aorta cross-clamping. For a transplant at
the hand/wrist/distal forearm level, procurement by means of elbow

disarticulation is rapid and provides ample tissue. For procurements at the
midforearm level, an elbow disarticulation also may suffice, although if
concerns for adequate vessel or nerve length or the quality of the softtissue envelope are present, a supracondylar humerus procurement
provides extra tissue as necessary. For proximal forearm transplants, a
lower to middle humerus procurement is performed (Figure 2). For
supracondylar to midhumerus transplantation, procurement is performed as
high on the humerus as possible to obtain adequate blood vessel, nerve,
and soft tissue.
Procurement is typically performed under tourniquet control, and a
guillotine incision is made medially to expose the brachial vessels, which
are controlled with proximal clips or ligatures. Distal to the ligatures, an
arteriotomy is made, and a cannula is inserted to allow perfusion. After the
cannula is in place, the superficial and deep veins are divided, and
perfusion with the desired preservation solution is performed. Clinical
examination of the vessels determines the dominance of the deep versus
superficial venous system for outflow drainage. The soft tissues, including
the nerves, are sharply divided. For disarticulations, the elbow joint is
sharply opened and separated. For transhumeral procurement, a saw is
used for the humeral osteotomy.

Figure 2

Intraoperative photographs of the setup for
procurement of a donor limb at the proximal level (A) and the
amputated donor limb being perfused with preservation solution
(B). (Copyright Jaimie T. Shores, MD, Baltimore, MD.)

To improve coordination among all organ procurement teams, the limb
can be rapidly removed and perfused on the back table in the surgical suite
or it can be perfused immediately prior to amputation. The limb is
wrapped in moist gauze and then placed into a sealed plastic bag. This bag
is placed into another sealed bag, immersed in an ice and water slurry bath
in a third bag, placed in a cooler, and then transported immediately. The
residual limb is closed after all organ and tissue donation has ceased. A
cosmetic prosthesis that is skin tone matched is then applied to the donor
residual limb to permit postmortem family viewing and open casket burial,
if desired.

Transplantation
The recipient is prepared by anesthesia with arterial and large central

venous access. Peripheral large-bore venous access is obtained, if possible.
Premedication is administered using immunological induction therapy.
Peripheral block nerve catheters may be placed but should not be dosed
with medication during the initial surgery.33

Figure 3

Intraoperative photograph of a distal-level donor
hand that has been dissected, tagged, and preplated for
transplantation. (Copyright Jaimie T. Shores, MD, Baltimore,
MD.)

Surgery commences with the arrival and inspection of the donor limbs.

One surgical team per recipient and one surgical team per donor limb are
used. Simultaneous dissection of the donor and recipient limbs is
performed with skin flap elevation 90° opposite one another (volar dorsal
skin flaps on one limb, radial ulnar skin flaps on another limb), with each
tendon, muscle, nerve, vein, and artery on each limb being tagged. Hybrid
forearm lengths are determined based on the contralateral limb or a
projected “normal,” which is symmetric in the case of bilateral transplants.
All dissection on the donor limbs is performed on sterile ice with towels
between the tissue and ice to keep the limb cool during the surgery right up
until the arterial clamps are removed to initiate reperfusion.34,35

Distal Forearm Level
Radial and ulnar skin flaps are elevated on the donor limb using a carpal
tunnel incision with zigzag extension across the wrist creases and midaxis
incision down the forearm. The dorsal incision is midaxis as well. All
veins are tagged and preserved if possible. The radial and ulnar arteries are
not overdissected, and their perforators are left intact within the septae to
the skin flaps. All structures are tagged (Figure 3). The radius and the ulna
are preplated in neutral forearm rotation. The authors of this chapter have
used long, locking distal radius plates as well as locking distal ulna plates
for fixation.34-36
The recipient residual limb is dissected under sterile tourniquet with
volar and dorsal skin flaps using a radial-to-ulnar fish-mouth incision and
elevated skin flaps. Radial and ulnar artery perforators are preserved where
possible. Tendons are identified based on position and tagged, as are
vessels and nerves. Bones are débrided to healthy levels and then
measured. The total forearm length is determined, and corresponding
osteotomies for the donor limb are marked. After this dissection is
completed, the tourniquet is removed.34,35
The donor limb plates are removed, and osteotomies are performed. An
oblique ulnar osteotomy may be used, and the plates are replaced. The
osteosynthesis and condensation of two teams to one is then performed.
Again, the surgery continues with sterile ice packed beneath the donor
limb under sterile towels. After the osteosynthesis is complete, a Pulvertaft
weave reconstruction of all extensors is typically performed, first pulling
the metacarpophalangeal joints into hyperextension with the wrist in
neutral position. Then the flexor tendons are reconstructed with Pulvertaft

weaves, pulling the digits into a standard flexed cascade.
After the tendons are completed, a microscope is brought in, and either
the arteries or the nerves may be coapted next. The benefit of the nervenext sequence is the benefit of performing nerve coaptations in a bloodless
field, which can be more rapid and accurate. If individual motor and
sensory groups are identified within the median and ulnar nerves, these can
be repaired individually. The superficial radial nerve also is repaired.
Depending on preference and availability, the antebrachial cutaneous
nerves may or may not be repaired.
The arteries are then repaired, usually in end-to-end fashion. The
anterior interosseous artery also may be repaired if it appears especially
large. The vena comitantes may be repaired at this time as well. The
superficial veins are left open. At this time, the ice is removed, the clamps
are left on all repaired veins, the clamps are removed from the repaired
arteries, and reperfusion is initiated. The authors of this chapter typically
give a bolus of heparin and steroids systemically for this step for ischemiareperfusion injury. Egress of blood, which can be collected for
washing/purification and autotransfusion, if desired, is allowed into a
basin. Allogeneic blood transfusion is usually required before and during
this step, with leukoreduced and irradiated packed red blood cells. In
addition, fresh frozen plasma should be given in a 1:1 or 2:1 ratio of
packed red blood cells to fresh frozen plasma.33 After the egressing blood
becomes a more normal bright red color, the clamps can be removed from
the repaired veins to allow normal venous return with anesthesia on
standby for metabolic derangements. The remaining superficial and deep
veins are repaired. Any remaining tendons, such as the flexor carpi radialis
or flexor carpi ulnaris that may have obscured the vessels previously, are
now repaired. Hemostasis is achieved, and the interdigitating skin flaps are
assessed for perfusion and inset over closed suction drains. The wrist is
splinted in neutral position with the digits left free to begin immediate
active and passive motion therapy, if this can be tolerated based on the
quality of the tendon repair.34,35

Midforearm Level
The same skin incisions and procedures described for transplantation at the
distal forearm level are performed for the midforearm level (Figure 4).
The key differences are the lack of tendon for Pulvertaft-type tendon

repairs or reconstructions, more proximal neurorrhaphies, and more
proximal bone fixation. Osteosynthesis is performed with 3.5-mm forearm
plates on the radius and 2.4- to 3.5-mm plates on the ulna, as indicated. A
technique using an oblique osteotomy of the ulna and an ulnar shortening
plate for osteosynthesis has been described.37 Muscle-tendon unit repairs
are typically within the muscle substance and fascia and are performed
with multiple woven synthetic sutures. These may be reinforced with
overlaid or woven tendon or fascial grafts as desired or necessary.
Vascular reconstructions and nerve reconstructions are performed as
described previously. The skin flaps are trimmed and inset, as allowed by
their postreperfusion patterns, over closed suction drains. The forearm and
wrist are splinted in neutral flexion and extension. The digits may be left
free or splinted in the intrinsic-plus position as desired.

Proximal Forearm Level
For transplantation at the proximal forearm level, the recipient limb skin
flaps are made volar/dorsal, and the donor skin flaps are made radial/ulnar.
The donor flexor/pronator origin and extensor origins are dissected off the
medial and lateral epicondyles and the radiocapitellar joint after a
longitudinal incision down the subcutaneous border of the ulna. The volar
muscle mass does not require much dissection, which is left for later and
performed only as much as necessary for brachial artery and median nerve
reconstruction. This “sleeve” of muscle is elevated off the supracondylar
humerus procurement level donor arm and elevated distally on the dorsal
side past the point of desired osteotomy to allow for adequate plate
placement. Both plates are placed through this dorsal approach. The volar
muscle attachments to the forearm bones distal to the osteotomy are
undisturbed. Great care is taken to prevent injury to the posterior
interosseous nerve or its branches during the dissection. Individual
branches of the radial nerve into the superficial radial nerve, posterior
interosseous nerve, and extensor carpi radialis brevis branch may be
identified and tagged. After the position of osteotomy has been decided
(and if helpful), the forearm bones may be temporarily locked into the
desired position of rotation with Kirschner wires on both the donor and
recipient to aid in osteosynthesis. The authors of this chapter use the ulnar
shortening osteotomy plate technique for osteosynthesis of the ulna along
the subcutaneous border and a 3.5-mm metaphyseal locking compression

plate for the radius dorsally, again taking care to not damage the posterior
interosseous nerve on either the donor or recipient sides.37 The residual
volar/dorsal muscle masses of the recipient proximal forearm are left in
place. The donor flexor/pronator and extensor muscle masses are draped
over the recipient muscle masses and anchored into the medial and lateral
epicondyles with suture anchors and reinforced with fascia-to-fascia suture
repairs.38
Nerve transfers are then performed by denervating the recipient native
forearm muscles and transferring the divided nerves into the donor nerves
with direct coaptations. The posterior interosseous nerve, the superficial
radial nerve, and the extensor carpi radialis brevis branch of the radial
nerve are repaired individually. The superficial head of the pronator teres
may require division for the median nerve repair at the level of the first
motor branch to the pronator teres. The ulnar nerve is transposed anteriorly
before muscle mass anchoring, and a hybrid level of subcutaneous versus
intramuscular transposition is achieved. The nerve is repaired at the level
of its first motor branch. The brachial artery may be repaired either end to
end or end to side. The benefit of end-to-side anastomosis is that some
direct perfusion to the now denervated recipient muscle mass and the
proximal radius and ulna can be maintained. All available veins
(superficial and deep) are anastomosed. Hemostasis is achieved, and
interdigitating skin flaps are closed over drains. The elbow is splinted in
90° of flexion with neutral forearm rotation and neutral wrist flexion and
extension. The digits are left free.

Figure 4

Intraoperative photograph of a recipient’s limb that
has been dissected and tagged and is ready to receive a
midforearm level transplant. (Copyright Jaimie T. Shores, MD,
Baltimore, MD.)

Transhumeral Level
Most transhumeral transplants have used the recipient’s own elbow flexors
and extensors to power the elbow, and procurement is performed at the
middle to upper humerus level. Anterior and posterior skin flaps are
elevated on the recipient, and medial-lateral skin flaps are elevated on the
donor without extending the incisions down to the olecranon. The recipient
brachialis, biceps, and triceps muscles are dissected. Keeping some
amount of scar on the distal muscle and all possible tendon is helpful.39
The donor muscles are dissected, and if adequate muscle length is present
on the recipient side, the muscle tissue can be removed from the donor
leaving only the biceps tendon, the brachialis fascia, and the triceps tendon
and fascia. However, if adequate muscle length is not present, some
amount of muscle may be left on the donor. The recipient humerus is
shortened back to fresh, healthy bone, and the donor humerus osteotomy is
planned to re-create symmetric upper arm length. A single 4.5- or 3.5-mm
metaphyseal locking compression plate may be used for osteosynthesis,
with an anterolateral approach through the brachialis/brachioradialis
interval. The donor limb may be preplated. Plate removal and osteotomy
are then performed. The plate is replaced so that osteosynthesis can
commence. Muscle repair or reconstruction is then performed. Muscle/scar
to muscle or muscle/scar to tendon/fascia repairs are performed, depending
on the level. Fascial or tendon autografts or allografts may be used for
weaves or onlay reinforcement if desired. The triceps should be repaired
first, followed by the elbow flexors, the radial nerve, the median nerve,
and the ulnar nerve after anterior transposition. All tendons and nerves
should be coapted as distally as possible. The brachial artery and veins are
then repaired. It is important to make sure that there is no substantial
redundancy in the brachial artery to prevent kinking of the artery during
elbow flexion.36 All superficial and deep veins available are anastomosed.
Hemostasis is then obtained, and skin flap closure is performed over
drains. The elbow is splinted in 90° of flexion with neutral forearm
rotation and the wrist in neutral flexion and extension. Elbow motion is

prevented for 6 weeks. Wrist and digit passive motion may begin
immediately.

Postoperative Care
The surgical or transplant intensive care unit is used for initial
postoperative management. Various monitoring devices may be used to
assess perfusion, including, for example, clinical assessment of color and
capillary refill, pulse oximetry probes placed on both the radial and ulnar
digits compared between hands or another reference point on the body to
assess both waveform and saturation, handheld Doppler monitors, and
implanted venous or arterial Doppler devices. Dressings are typically
changed on postoperative day 2 or 3, and therapy commences at this time.
The indwelling peripheral nerve catheters are bolused with local anesthetic
in the operating room after the microvascular surgery is completed and are
used for postoperative pain control combined with multimodal analgesia
that is managed by the acute pain management team. Specialists in
transplant infectious diseases help manage necessary postoperative
antibiotics. No casts or circumferential rigid binding is placed because
swelling can be substantial in the first week. After the surgical team is
confident that intensive-level monitoring is no longer necessary, the
patient can be moved to a standard transplant floor for continued
recuperation.

Immunotherapy
Currently, there is no agreement at transplant centers on a standard
immunotherapy protocol, but patients should expect to be placed on
lifelong immunosuppression of some sort.40 Most immunotherapy
protocols are adapted from solid organ transplantation, with, at least
initially, a polyclonal or monoclonal antibody induction therapy followed
by traditional triple drug combinations of corticosteroids, tacrolimus, and
mycophenolate mofetil for maintenance therapy. Some centers, on a
patient-by-patient basis, have weaned patients from steroids and may later
attempt a slow conversion from tacrolimus to sirolimus to mitigate longterm renal toxicity. In addition, a cell-based immunotherapy protocol using
donor bone marrow combined with monoclonal antibody induction and
tacrolimus monotherapy has been successfully used and reported.36

Rejection is typically first identified in the skin and is a very dynamic
process, usually presenting as an erythematous maculopapular rash, with
or without swelling. It can progress to coalescent patches of erythema and
even blisters and ulceration. Skin biopsy is the standard diagnostic tool for
acute rejection using the classification criteria created in Banff, Canada.4143 Transplant vasculopathy also has been described; however, it is not
apparent if this is chronic rejection that is cell mediated or antibody
mediated against alloantigens or stimulated by mechanical trauma during
vessel dissection, which is more nonspecific. High-resolution
ultrasonography can be used for noninvasive monitoring of vessel wall
thickening and narrowing of the luminal diameter.44,45 All transplant
patients will experience rejection episodes that can be treated topically at
the skin level (with topical tacrolimus and steroid creams) and/or
systemically.

Complications
Complications can be related to (1) the transplant itself, including surgical
complications (for example, bleeding, hematoma, tissue necrosis, or
immediate limb loss caused by vascular complications), subacute
complications in the limbs (wound healing complications, nonunions, or
chronic pain), chronic complications (for example, poor functional
outcomes, poor motor or sensory recovery, rejection, or limb loss); (2) the
overall procedure of transplantation (for example, heart attack, stroke,
death, blood clots, thromboembolism, pneumonia); or (3) the effects of the
immunomodulatory medications (for example, renal injury, malignancy,
opportunistic or higher susceptibility to serious and life-threatening
infections, rejection, hypertension, diabetes mellitus, leukopenia,
osteonecrosis, Cushing syndrome, or serum sickness).36,40,46,47 All
patients should be monitored closely by experienced transplant physicians
for the rest of their lives for both surveillance and management. For these
reasons, many centers worldwide are developing or have already
implemented novel immunotherapy protocols to mitigate these risks. It
should be noted that all of these complications have been reported in hand
transplant patients.

Outcomes

Outcomes are difficult to assess because of a lack of standardization in the
measurement of outcomes, the nature of differing functionality expected
by differing levels of amputation, the unique anatomic features of each
limb loss and the subsequent transplant, and the overall low numbers of
transplants performed. In the worldwide experience, at least 107 hand or
upper limb transplants have been performed on 72 patients (with at least 3
patients and 4 limbs transplanted that are known to this chapter’s authors
but not yet reported).40 In patients with reported outcomes for isolated
hand or upper limb transplantation in China, Europe, and North America,
one patient has died, resulting in a 99% patient survival rate. However, at
least four cases of combined face plus hand or hand plus leg
transplantation have been performed in France, the United States, and
Turkey. Three of the four patients died, resulting in a 75% mortality rate
for multisite (unilateral or bilateral upper limb plus another body region)
VCAs.48,49 The one patient who survived ultimately lost both transplanted
hands but had survival of the face transplant after an immediate
postoperative episode of septic shock. Although at least 7 of 12 patients in
the Chinese experience had transplanted hand loss because of a lack of
access to immunosuppressive medications and/or compliance, the Western
European, Australian, and US experiences have shown more encouraging
results.40 In the United States, 21 patients have undergone isolated
unilateral or bilateral hand or upper limb transplantation, with more
patients known to the authors of this chapter but not yet reported. Of those
reported, 8 were bilateral, and 13 were unilateral, with 2 transhumeral
transplants. Of these 21 patients, only 1 patient sustained an immediate
transplant loss (during the initial hospitalization). A second patient
experienced partial graft losses with some fingertip necrosis but overall
survival of the transplanted hands. Long-term follow-up of the remaining
20 patients has demonstrated delayed graft loss in 3 patients (at 9 months
after the transplant resulting from aggressive vasculopathy of unknown
origin, at 2 years resulting from noncompliance and advanced rejection,
and at 4 years resulting from noncompliance and advanced rejection). In
the Western European and Australian experiences, 30 patients have been
reported to receive 47 hand or upper limb (17 bilateral, 13 unilateral)
transplants in isolation. There has been one immediate postoperative loss
and one long-term loss resulting from noncompliance and uncontrolled
rejection.
With regard to functional outcomes, it may take several years before

maximal improvement is observed in motor recovery for more proximal
transplants; sensation continues to improve year by year in the transplant.
Therefore, reported data may be only a snapshot of a dynamic functional
recovery that patients experience. In addition, no single validated
instrument for functional measurement for hand transplants exists; thus,
the Hand Transplant Scoring System was developed. In addition, most
centers report Disabilities of the Arm, Shoulder and Hand scores and other
functional tests in an individual, center-by-center manner.46,47
A single repository exists at some participating centers, which is
managed by the International Registry on Hand and Composite Tissue
Transplantation.46,47,50,51 This registry has published summative
functional outcome results of early transplant patients in the years 2005,
2007, 2008, 2010, and 2011. Most of the data is for transplants at the distal
and middle forearm levels; few proximal level transplants are included.
The registry summarized 39 patients with 57 upper limb transplants with
follow-ups ranging from 6 months to 3 years in the most recent
publication.46 The registry demonstrated that, at the least, protective
sensation developed in all of the patients within the first year after
transplantation, and tactile or discriminative sensibility developed in 90%
of the patients as time progressed.47 The Hand Transplant Scoring System
result, which is a measure of function after a hand transplant, demonstrated
substantial improvement within the first 2 years and continued
improvement over time in those with bilateral transplants, with a more
gradual improvement in those with a unilateral transplant. The Disabilities
of the Arm, Shoulder and Hand score demonstrated the most substantial
improvement in patients with bilateral transplants, with the most
significant decrease in disability within the first 2 years. Greater than 75%
of the patients also reported improvement in their quality of life after
transplantation.47

Evolving Issues and the Future of VCA
Hand transplantation has seen success, and the future holds remarkable
promise for this restorative treatment option. Orthopaedic surgeons must,
however, reevaluate what has and has not worked and continuously
reevaluate the current public and medical field acceptance of
allotransplantation. Many obstacles remain, including funding,
immunology, candidate selection, and the long-term assessment of

outcomes. The future of VCA must be approached with cautious optimism,
and physicians must continue to evaluate all they do with bench science,
the peer review of clinical outcomes (both good and bad), and the ethical
treatment of their patients.13
Recently, the United Network for Organ Sharing and the Organ
Procurement and Transplantation Network became involved in VCA.
Currently, a United Network for Organ Sharing VCA committee has
established criteria for VCA centers, including institutional capability,
surgeon and team preparation, and specific guidelines for allocation and
distribution of hands and faces to VCA centers. This oversight and
regulation has been welcomed by the VCA community and has served as
recognition that VCA is indeed a part of the transplantation community.
Although hands and arms have been transplanted successfully, the future
of VCA will likely—eventually—expand to include partial hand
transplants, digital transplantation, vascularized joint transfers (such as at
the elbow or the wrist), and pediatric hand transplantation if
immunosuppressive side effects can be minimized. In select cases, VCA is
an alternative to prosthesis use and must be considered as a restorative
option for some patients with upper limb loss.

Summary
Although successful transplantations have been performed at the hand and
other upper limb levels, the future of VCA is unclear. This modality holds
incredible promise, but functional outcomes need to be more adequately
defined in the literature to allow comparison with more traditional
treatments of upper limb loss. Screening protocols for VCA require
optimization based on collective reporting of experiences throughout the
world. With minimization of immunosuppressive regimens, VCA will
potentially expand to include partial hand transplants, digit transplants,
vascularized joint transfers (such as the elbow or wrist), and pediatric hand
transplants. In select patients, VCA is an alternative to prosthesis use and
should be considered as a restorative option for some patients with upper
limb loss.
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Abstract
Appropriate upper limb prosthetic outcome measures have been identified
for pediatric and adult patients in settings ranging from research and
development to patient care. Although there is no single benchmark, a
toolbox of measures has evolved for use in answering questions of interest to
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Introduction
An outcome measure is a means of systematically collecting patient data
through a testing procedure that has emerged through a formal
development process. The development process often includes validation
of the measure and an evaluation of psychometric properties such as
reliability and responsiveness.1,2 The advantages of using a validated
outcome measure include the ability to reliably compare results over time
and between or within test groups. As a result, the information gained is
known to be relevant to the question under investigation. Developing and
refining a psychometrically strong outcome measure can be a 10- to 15year process, and it is generally recognized that all parts of an outcome
measure should be considered as a unit, as intended by its developers.3
However, some measures are designed so that subscales can be used

independently (for example, the Self-Care and Mobility subscales of the
Pediatric Evaluation of Disability Inventory).4
Identifying the study question and/or clinical question to be answered
is the first step in selecting an appropriate outcome measure. Historically,
it has been common for groups of prosthetists to create their own test for
patient evaluation, adapt an existing measure, and/or use selected parts of a
measure in an attempt to tailor it to a specific question or clientele. In
2009, the American Academy of Orthotists and Prosthetists recommended
the development of a toolbox of outcome measures to guide clinicians and
researchers in selecting measures appropriate for answering their identified
questions. This recommendation was in line with the argument that,
despite the shortcomings of existing measures and the quest to develop
new measures, prosthetists need to adopt and consistently use a standard
set of measures.5

Categorization of Upper Limb Outcomes Measures
The need to evaluate the increasing complexity of advanced prosthetic
componentry has led to renewed interest in the area of outcome measures
for upper limb prostheses. Two meetings encouraged discussion among
individuals working in this area: a preconference workshop held at the
2005 Myoelectric Controls Symposium in Fredericton, Canada, and a 2007
workshop held in Trondheim, Norway, which was jointly organized by the
Norwegian University of Science and Technology and the University of
New Brunswick Institute of Biomechanical Engineering. Both meetings
included engineers, prosthetists, therapists, and prosthesis users. One
major finding of the 2007 meeting was that each group of stakeholders was
interested in using outcome measures to answer different questions, in
settings ranging from early research and development through clinical
fitting and evaluation to home use and long-term acceptance. The World
Health Organization International Classification of Functioning, Disability
and Health (WHO-ICF) model was used to relate how various outcome
measures might correspond to the phases of research and clinical practice
(the Function, Activity, and Participation components of the WHO-ICF
model6,7 (Figure 1). For example, a researcher who is developing a new
hand prosthesis might be interested in learning whether the hand operates
or how easy it is for a user to open and close the device. A simple test,
such as the Box and Block test of manual dexterity, might be appropriate

(as related to the WHO-ICF Function component).8 As the prosthetic hand
is further developed and refined for clinical use, the researcher might
become interested in how the device can be used in daily tasks (the
Activity component). A measure that evaluates use in a simulated clinical
environment, such as the Southampton Hand Assessment Procedure, might
be appropriate.9 After the prosthetic hand becomes clinically available, a
clinician or researcher might want to know how well users are able to
operate the device in the home and community (the Participation
component). An evaluation of quality of movement during activities of
daily living (such as the Assessment of Capacity for Myoelectric Control)
or a home survey of use (such as the Orthotics and Prosthetics Users’
Survey Upper Extremity Functional Status module) can be used.10-12

Figure 1

Schematic diagram showing the process of
developing a prosthesis, from initial research to daily use, as
related to the Function, Activity, and Participation assessment
domains of the World Health Organization International
Classification of Functioning, Disability and Health.
(Reproduced with permission from Hill W, Stavdahl O,
Hermansson L, et al: Functional outcomes in the WHO-ICF
model: Establishment of the Upper Limb Prosthetic Outcome
Measures Group. J Prosthet Orthot 2009;21:115-119.)

After the 2005 and 2007 meetings, the Upper Limb Prosthetic
Outcome Measures (ULPOM) group of volunteers critically evaluated 34
outcome measures that are routinely used during upper limb prosthesis

fittings. The purpose, clinical utility, and psychometric properties of each
measure were documented.6,7 A similar effort was sponsored by the
American Academy of Orthotists and Prosthetists as part of its State of the
Science Conference. Wright3,4 generated an evidence-based review of the
literature on outcome measures related to upper limb prosthetics, which
expanded on her previously published work in this area. In 2009, the
results of the two projects were combined at the State of the Science
Conference, and the use of a toolbox of 23 specific outcome measures was
recommended.13 The 2009 Conference Proceedings included Wright’s
evidence-based review and the review of the ULPOM group, with detailed
information about the outcome measures initially considered.
Each of the measures was designated as recommended (9 measures) or
to be considered (14 measures). The recommended measures were found
to have sufficient psychometric merit to be useful in the evaluation of
patients with an upper limb amputation. Because the recommended
measures were not adequate to answer all possible questions, the measures
in the second group (the to-be-considered category) were suggested for
further evaluation after modification and/or validity and reliability testing.
Outcome measures were categorized by stakeholder questions, the WHOICF domain, and the field of application (development, clinical research,
or patient care).13 The results of this meeting’s discussion are presented in
Table 1.
The number of available validated outcome measures continues to
expand. Since the 2009 State of the Science Conference, validation has
been published for measures originally assigned to the consider category.
The University of New Brunswick Test of Prosthetic Function, the Trinity
Amputation and Prosthesis Experiences Scale, the Jebsen-Taylor Test of
Hand Function, and the Box and Block Test have begun to fill in some of
the assessment gaps for outcome measures pertaining to development.13-15
A new outcome measure for upper limb prosthetics, the Activities Measure
for Upper Limb Amputees, also has been developed and validated.16 The
outcome measures currently recommended or being considered are listed
in Table 2.
New outcome measures continue to be developed for use in research or
clinical settings. In addition, work is being done to allow a measure’s
minimal detectable change to be calculated and reported.15 Minimal
detectable change is a statistical estimate of the change that must be
observed before the difference can be assumed to be greater than

measurement error. A recent review of upper limb outcome measures
specific to adult uses of upper limb prostheses was published by the US
Department of Veterans Affairs.17 In addition to evaluating ease of use
and reliability evidence, the report summarizes the minimal detectable
change for those measures in which it was reported.

Highlights of Several Recommended and
Considered Measures
Many of the outcome measures related to upper limb prosthesis use were
developed by occupational therapists working with pediatric patients.5
Therefore, many of the outcome measures with the most rigorous
validation work are for this population. However, the ULPOM group and
the State of Science Conference attendees found several other outcome
measures to be appropriate for use with patients of any age. Although
many measures have been developed and are most appropriately
administered by occupational therapists, they also are of interest to
prosthetists. A team approach is required to care for a patient with an
upper limb prosthesis, and an occupational therapist can be included in the
evaluation of the care plan. Many outcome measures require specialized
training and/or the use of equipment that often is available to an
occupational therapist. Several outcome measures are particularly relevant
to the work of a prosthetist.
Table 1 Examples of Research Questions and the
Recommended Applicable Measures

Assessment of Capacity for Myoelectric Control
The Assessment of Capacity for Myoelectric Control is based on
observational analysis of an adult or pediatric patient with an upper limb
prosthesis during functional bimanual activities.10,18 The measure was
designed to evaluate the use of a myoelectric prosthetic hand but has been
applied to other types of prostheses and other levels of amputation. A 4point scale is used to evaluate 22 aspects of prosthesis use (for example,
the ability to hold an object over the course of a task, with or without
support; coordination with both hands; and the ability to adjust grip force,
with or without visual feedback). Any bimanual task can be evaluated, if it
allows all 22 aspects of use to be observed. The use of standardized
activities in this measure was recently validated.19 User scores are entered
into an online Rasch analysis to generate an overall rating of myoelectric
control. In addition, prosthetists, therapists, and engineers are able to use
the Assessment of Capacity for Myoelectric Control; however, raters are
required to complete a training course to obtain certification. This measure
has been identified as appropriate in both patient care and research
settings, although the amount of time required to use the tool may be
challenging for a newly certified rater in the patient-care setting.

University of New Brunswick Test of Prosthetic Function
The University of New Brunswick Test of Prosthetic Function was
specifically developed to evaluate prosthesis use in children with a
unilateral upper limb amputation.20 This observational function test was
developed by an occupational therapist and an engineer to measure the
method and spontaneity of prosthesis use on a 5-point scale, and it has
been used in multiple studies.4 The test is suitable for use in children aged
2 to 13 years; four age-based modules are designed to be developmentally
appropriate for children within a 3-year age range. The module for older
children has been validated for adult use.14 No specific training is required
to use this test, and the tasks require only easy-to-obtain items.
Table 2 Upper Limb Prosthetic Outcome Measures Designated
as Recommended for Use or Appropriate to Consider

Box and Block Test
The Box and Block test was recently validated for use in patients with an
upper limb prosthesis.8,15 This easily administered functional test
evaluates gross manual dexterity. Patients are asked to transfer as many 1inch blocks as possible over a divider from one side of a box to another,
within a specified time period (Figure 2). No specialized training is
required to administer the test, and the necessary equipment can be
purchased or constructed.

Jebsen-Taylor Test of Hand Function
The Jebsen-Taylor Test of Hand Function is a seven-part timed dexterity
test and has been validated in other disciplines.21 The tasks include
writing, flipping index cards, picking up small objects, spooning beans
into a jar, stacking checkers, and moving light and heavy cans (Figure 3).
Each task is timed separately. Recent validation work on the Jebsen-Taylor
Test of Hand Function (specific to prosthetics) resulted in modification to
the scoring method of the original measure.15 Individuals using this
measure may want to investigate both the original and modified scoring
methods to determine which is most appropriate for a specific application.
No specialized training is required to administer the outcome measure, and
the necessary equipment can be purchased or made.

Southampton Hand Assessment Procedure
The Southampton Hand Assessment Procedure was designed to evaluate
the effectiveness of upper limb prostheses, but it has not yet been validated
because of funding difficulties and an insufficient population size
necessary for validation; however, ongoing efforts are being made to
achieve validation.9 Nonetheless, this measure has been widely used in
recent prosthetic research. The tasks require manipulation of eight light or
heavy objects (abstract tasks) and 14 simulated activities of daily living
(Figure 4). The purpose is to evaluate hand function. Completion of the
tasks is self-timed by the user, and scores are entered into a database that
generates an overall index-of-function score. No specialized rater training
is required, but the equipment must be rented or purchased from the
University of Southampton, England, as a condition of access to the
database.

Trinity Amputation and Prosthesis Experience Scale
The Trinity Amputation and Prosthesis Experience Scale is a selfadministered measure originally designed to assess a user’s adaptation to
lower limb amputation and prosthesis use. Its scope has been expanded to
upper limb prosthesis users. The self-reported questionnaire has 54 items.
Nine subscales assess adjustment to prosthesis use (general adjustment,
social adjustment, and adjustment to limitations), activity restriction
(restriction of functional, social, and athletic activities), and user
satisfaction with the prosthesis (satisfaction with weight, function, and
aesthetic appearance).22 The user satisfaction subscales have been
validated for upper limb prosthesis use.15 This measure can be used to
evaluate psychosocial topics such as pain, perceived social reaction, and
satisfaction that are not included in other functional measures.22

Evaluation of User and Clinician Goals
The Patient-Specific Functional Scale, the Canadian Occupational
Performance Measure, and the Goal Attainment Scale evaluate progress
toward goals set by the user and the clinician. One of these measures may
be more appropriate than another for a specific application. The PatientSpecific Functional Scale is the simplest of the three measures to
administer. The user identifies five tasks perceived to be difficult and rates
limitation in performing each task on a 10-point scale (range, 0 = unable to
perform, 10 = no difficulty in performing).23 The Canadian Occupational

Performance Measure is slightly more complex. The user identifies goals
in self-care, productivity, and leisure, which are rated in terms of
importance, user perception of performance, and satisfaction with
performance.24,25 The Goal Attainment Scale originally was developed for
use in mental health settings and is the most complicated of the three
measures to score. Five outcome levels are set for each goal and are
reassessed at predetermined times to determine progress toward achieving
the goal.24

Figure 2

Photograph showing a man with an upper limb
prosthesis participating in the Box and Block test.

Figure 3

Photograph showing the small objects test of the
Jebsen-Taylor Test of Hand Function.

Other Measures of Interest
Although the Hanspal Socket Comfort Score is not specifically validated
for upper limb prosthetics, it is an easily administered outcome measure
that has been generally validated for prosthesis users.26 Because of the
importance of socket comfort in the successful fitting and use of a
prosthesis, this outcome measure may be useful in evaluating new socket
technology or socket design in a clinical or research setting. The Orthotics
and Prosthetics Users’ Survey has two satisfaction subscales, Satisfaction
with Care and Satisfaction with Device, both of which have been validated
for independent use and may be useful in the clinical environment.12

Figure 4

Photographs showing two tasks from the
Southampton Hand Assessment Procedure. A, Moving a
lightweight cylindrical object (an abstract object task). B,
Removing a jar lid (an activity of daily living task).

Discussion
Some outcome measures are appropriate for use in both the research and
patient-care settings, but there is no single benchmark outcome measure.
The research question must be framed before selecting appropriate
outcome measures from a toolbox of recommended measures. Multiple
sources are available to assist in selecting an appropriate tool; however,
further research is needed to determine which measures are sufficiently
sensitive to evaluate users’ ultimate acceptance or rejection of a specific
prosthesis design.3,4,6,7,13,15,17,24,27,28 If no fully validated outcome
measure exists, other measures are available that have been deemed
worthy of consideration by experts in the field. The use of many of the
recommended measures may require the involvement of an occupational
therapist. A team approach is likely to improve overall outcomes and
enhance the benefit to patients.

Summary
As prosthetic componentry continues to evolve, so do the tools for
assessing the effectiveness and use of devices. Clinicians who need to
evaluate upper limb prosthesis function should continue to review the
literature. New measures are likely to be developed, and existing measures
will continue to be validated for use in individuals with an upper limb

amputation. As research progresses, it will be possible to answer
increasingly more complex research questions through longitudinal studies
involving large populations.
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Abstract
The range of commercially available lower limb prosthetic components
continues to expand. The selection of appropriate components is made easier
through the classification of components according to their design and
function. This classification process begins with delineations between
passive, body-powered components; the use of microprocessor control; and
the more recent development of active, externally powered components. It is
helpful to be familiar with the classification of current passive, bodypowered prosthetic foot/ankle units and passive, body-powered knee systems.
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Introduction
The range of commercially available lower limb prosthetic components

continues to expand with each passing year. Although this expansion
offers patients and their rehabilitation teams greater selection in prosthetic
options, the number of choices may be overwhelming if these options are
not grouped into a logical classification scheme. The purpose of this
chapter is to propose a classification method that reasonably captures the
current diverse range of lower limb prosthetic components. The chapter
also will address those components that can be reasonably described as
passive, body-powered devices.

Classification Considerations
The clinical classification of prosthetic components for prescription and
teaching purposes has continually evolved as available technology has
advanced. In 1965, Earl Lewis1 noted the following: “The relatively recent
introduction of fluid-controlled knee mechanisms…has raised a number of
important considerations for clinicians.” After explaining the
biomechanics behind the higher level of performance of cadenceresponsive hydraulic and pneumatic knees, Lewis suggested the following:
“The prescription process may have to consider these two levels of
performance.” The now widely accepted division of prosthetic knee
components into those with purely mechanical friction versus those
offering velocity-responsive fluid damping reflects these insights.
In recent decades,2 worldwide acceptance of microprocessorcontrolled (MPC) lower limb components suggests that it may now be
useful to expand the clinical classification to reflect contemporary
advancements in function and control for lower limb devices. Torrealba et
al3 proposed adding the concepts of active movement and microprocessor
control to better characterize currently available prosthetic knee
components.

Mechanically Passive Devices
Prior to 2006, all commercially available lower limb prosthetic
components, including MPC knees at that time, were mechanically passive
(the wearer’s physical effort during ambulation causes motion). Applying
an analogy from upper limb prosthetics, these are body-powered designs,
where all energy input comes from the user’s force generation,
momentum, body weight, and similar internal activation sources.
For example, flexion and extension of the prosthetic knee joint occurs

when the transfemoral residual limb moves the socket by means of hip
joint motion. The necessary compensations to induce such motion—using
the residual limb, more proximal joints, the contralateral leg, and the
head/arms/trunk—have been well documented4 and are believed to
contribute to gait inefficiency that progressively increases with more
proximal levels of amputation.5 Experts also are increasingly cognizant of
the strain such compensations place on the individual and the increased
risk of overuse syndromes.6

MPC Devices
Lower limb prosthetic components with MPC activation have been
commercially available since the release of the Intelligent Prosthesis
(Blatchford & Sons) in 1990 and have been shown to offer clinical
advantages compared with mechanically controlled alternatives.2,7
However, most MPC knees simply dampen motion by using software
algorithms, which has a modest effect on gait efficiency. For example, the
original Blatchford Intelligent Prosthesis used its microprocessor to vary
only pneumatic swing phase flexion resistance.8 The clinical use of MPC
knees became more widespread after the C-Leg (Ottobock) added effective
MPC hydraulic stance stability damping in addition to MPC hydraulic
swing phase flexion and extension damping.9 Since then, additional
passive MPC prosthetic knees have become available, and the benefits of
simulating eccentric muscle control during gait in this manner have been
reported.2,10
Table 1 Classifying Lower Limb Prosthetic Components Into
Functionally Similar Performance Categories

Active Lower Limb Devices
In 2006, Össur released the first mechanically active lower limb prosthetic
component: an MPC component with a motor powerful enough to move
the joint in the sagittal plane during the swing phase. The Proprio
ankle/foot system (Össur) changes the plantar-dorsiflexion position of a
carbon fiber foot during the swing phase to enhance gait mechanics and
safety for the wearer.11 For the first time, a commercially available
component could simulate concentric muscle contractions to move a lower
limb device. Applying an analogy from upper limb prosthetics, this was
the first example of an externally powered lower limb component.

Force Generation
In 2006, the Power Knee (Össur) was released. This knee is capable of
flexing and extending the prosthetic knee joint during the stance and swing
phases. This was the first available component that generated sufficient
force to actively raise a user’s center of mass during normal activities of
daily living, such as ramp and stair descent.12
More recently, BiOM released a powered ankle-foot system that
generates enough force to actively propel a user’s center of mass during
ambulation. Preliminary studies suggest that generating forces of this
magnitude at the ankle during stance can increase gait efficiency with a
prosthesis considerably more effectively than was previously possible.13

Categorization Proposal
Design improvements since 1960 require modifications in the
categorization of lower limb components to reflect the substantial
biomechanical improvements resulting from major technologic advances.
In addition to the familiar classification of mechanical components
according to whether they include fluid control, today’s clinician must
consider the growing number of MPC prostheses and the potentially higher
function they can provide. Although most lower limb components are
currently passive devices, the recent availability of active devices that
simulate concentric muscle control opens up new possibilities for reducing
the effects of lower limb amputation on human function. Those
components with sufficient power to add meaningful propulsion to gait
seem particularly promising and warrant further clinical application and
research investigation.

Table 1 shows the proposed clinical categorization of lower limb
prosthetic components. This chapter focuses only on the pre-MPC era of
mechanical and fluid-controlled components.

Passive, Body-Powered Prosthetic Ankle-Foot
Mechanisms
Passive ankle-foot mechanisms that are controlled only by their
mechanical design have been historically classified into a few conceptual
groups based on their overall biomechanical performance (Table 2).
Research consistently documents that these components result in an
apropulsive gait characterized by a lack of ankle power generation in late
stance. This simplified classification remains useful because the numerous
commercially available components within each conceptual group have
very similar indications and limitations, making it relatively easy to rule
out poor choices and generate a functionally appropriate prescription
recommendation.

Solid Ankle Cushion Heel Foot
The Solid Ankle Cushion Heel (SACH) foot has the most biomechanically
simple design. With its nonarticulated ankle and the lack of complex
internal parts, it is one of the lightest, lowest cost, and most durable
options for limited household ambulators. In the United States, Medicare
recognizes the SACH foot as an element of the most basic possible
prosthesis and considers it medically necessary for individuals with very
limited walking abilities.
Table 2 Overview of Prosthetic Feet and Ankles

The posterior third of a typical SACH design consists of an open cell
foam rubber that readily compresses during loading response (Figure 1).
While the heel is compressing, the sole of the foot is gradually lowered to
the ground, effectively simulating plantar flexion despite the lack of an
ankle joint. As momentum carries the body forward, the heel cushion
rebounds until the tip of the rigid forefoot keel contacts the ground. A
flexible rubber toe segment then permits passive rollover, and heel-off
occurs.
In multiple studies across many decades, the SACH design is the least
energy-efficient prosthetic option, particularly for individuals who can
walk up inclines or whose walking pace is closer to normal.14 Therefore,
its use is best restricted to infants and toddlers (when no other alternative
exists because of size limitations) or for individuals with multiple physical
comorbidities that prevent them from walking more than a few steps or
from walking at more than a very slow pace.
In the past, a preparatory prosthesis often routinely included a SACH
foot, but growing evidence indicates that underprescribing prosthetic
components can prevent an individual from reaching his or her full
rehabilitation potential. For that reason, a modern initial prosthesis is often

a definitive quality design with biomechanically appropriate components
suitable for long-term use. The adjustable design of modern endoskeletal
components means that the socket can be replaced when changes in limb
volume and geometry require, eliminating the need to replace the entire
artificial limb at frequent intervals.

Figure 1 Photograph of a cross-section view of a Solid Ankle
Cushion Heel foot with its compressible foam heel and rigid
wooden keel. (Reproduced from Michael JW: Prosthetic
suspensions and components, in Smith DG, Michael JW,
Bowker JH, eds: Atlas of Amputations and Limb Deficiencies:
Surgical, Prosthetic, and Rehabilitation Principles, ed 3.
Rosemont, IL, American Academy of Orthopaedic Surgeons,
2004, pp. 409-428.)

Figure 2

Schematic illustration of a cross-section view of a
single-axis ankle-foot with a mechanical ankle axis allowing
movement in the sagittal plane. Compressive bumpers
positioned anterior and posterior to the ankle axis regulate the
rate and amount of ankle movement. (Reproduced from
Michael JW: Prosthetic suspensions and components, in Smith
DG, Michael JW, Bowker JH, eds: Atlas of Amputations and
Limb Deficiencies: Surgical, Prosthetic, and Rehabilitation
Principles, ed 3. Rosemont, IL, American Academy of
Orthopaedic Surgeons, 2004, pp. 409-428.)

The SACH foot is sometimes provided for clients living or working in
remote regions who do not have access to prosthetic follow-up care and
when durability is more critical than function. It also is prescribed at the
request of satisfied previous SACH foot wearers.

Single-Axis Ankle-Foot
Having an articulated foot with a mechanical ankle joint that allows
passive plantar and dorsiflexion motion seems logical, and this design has
been used for centuries (Figure 2). However, when properly aligned and
adjusted for the user, scientific studies have shown that the primary
biomechanical distinction of this component is that it reaches foot flat
faster than alternatives do,15 which has clinical advantages and
disadvantages.
Regardless of the component, the net ground reaction force vector
(GRFV) originates at initial contact from the most posterior aspect of the
shoe in contact with the ground and then moves forward in the line of
progression during ambulation. With a mechanical single-axis ankle, the
GRFV moves forward in a smooth, controlled manner until foot flat
occurs. At this point, the GRFV instantly moves forward until it passes
through the ankle joint. This anterior displacement of the GRFV generates
a knee extension moment that continues until passive dorsiflexion motion
is limited by an anterior stop, at which time the GRFV gradually moves
forward to the toe region, further increasing the knee extension moment.
This biomechanical characteristic gives rise to the primary indication
for a mechanical single-axis ankle-foot, which is to increase knee stability.
If the prosthetic knee joint lacks sufficient stance stability, or if the person
with a transtibial amputation has poor quadriceps strength, this could be
advantageous.16 A mechanical single-axis ankle-foot also can be helpful
when a locked prosthetic knee is required because the ankle motion will
allow the sole of the foot to remain flat on the ground throughout most of
the stance phase. Except for these narrow indications, most individuals
with lower limb amputations are better served by other options.
For the individual who can walk reasonably well with a prosthesis, the
use of a mechanical single-axis ankle-foot is not recommended because the
center of pressure under the prosthetic foot does not progress forward in a
normal, smooth manner. With a mechanical single-axis ankle-foot, the
center of pressure “jumps” forward at foot flat and then “stalls” under the
ankle joint until full dorsiflexion is reached, when it again begins moving

forward. The inconsistent progression of the center of mass disrupts the
individual’s forward progression and may increase the effort required to
walk. For the individual with a transtibial amputation, the abrupt increase
in knee hyperextension forces raises concerns about long-term damage to
the surviving knee.

Multiaxial Ankle-Foot
In addition to sagittal plane plantar and dorsiflexion, the mechanical
multiaxial ankle-foot provides a limited range of passive coronal and/or
transverse plane motion, acting similar to a universal joint that allows the
foot to remain in contact with the ground,17 even if the terrain is irregular,
giving rise to the classic indication for mechanical multiaxial ankle-foot
components to accommodate uneven surfaces encountered in the user’s
vocational or avocational activities. Multiaxial components are routinely
prescribed for surveyors, golfers, hikers, and anyone else who regularly
walks outdoors. Many community ambulators prefer the added ankle
mobility offered by the mechanical multiaxial ankle-foot because it aids in
crossing sidewalks, parking lots, lawns, and other commonly encountered
irregular surfaces.
A secondary indication for the mechanical multiaxial ankle-foot is to
contribute to socket comfort and skin protection by absorbing some of the
impacts of walking, which is particularly useful for stepping off curbs;
traversing uneven surfaces; and descending stairs, ramps, and similar
declines. Although the added weight and maintenance requirements for
any articulated prosthetic foot has been a concern in the past,
contemporary design advances have mitigated such concerns.
Mechanical multiaxial ankle-foot components may be further
subdivided according to the planes of motion they permit. Some designs
offer biplanar movements: adding hindfoot inversion/eversion in the
coronal plane or passive transverse plane internal/external rotation. Most
mechanical multiaxial ankle-foot components permit triplanar movement,
offering the greatest degree of ground compliance. During walking trials
with a diagnostic prosthesis, the specific model of the mechanical
multiaxial ankle-foot is usually determined collaboratively by the wearer
and the treating prosthetist.
A study of individuals with bilateral transtibial amputation observed
that this cohort typically preferred the added passive motions of a
mechanical multiaxial ankle and walked with a more normal base of

support than with a solid ankle.18 The study participants generally
preferred additional transverse plane movement as well, and most chose to
keep both the mechanical multiaxial ankle component and the transverse
plane torque-absorbing unit for use in their own prostheses.
A recent study of individuals with unilateral transtibial amputations
who had limited walking abilities (K1 and K2 Medicare functional levels)
found improvements in gait speed, balance, general comfort, and perceived
satisfaction with their prostheses when the legacy SACH foot was replaced
with the multiaxial ankle-foot.19 Similar findings were reported in a rare
double-blinded study on individuals with unilateral transtibial amputations,
where the patients tended to report a preference for compliant feet over
stiff or intermediate prosthetic foot types.20

Dynamic Elastic Response
In 1980, prosthetist-orthotists John Campbell and Chuck Childs21
shattered the widely held assumption that a prosthetic foot must have a
rigid forefoot to provide adequate stability. Their solid ankle–flexible
endoskeleton foot demonstrated that clever engineering could result in a
forefoot that had varying degrees of flexibility while providing more than
adequate support for ambulation and other normal activities of daily living
(Figure 3).

Figure 3

Photograph of a cross-section view of the solid
ankle flexible endoskeleton foot. (Reproduced from Michael
JW: Prosthetic suspensions and components, in Smith DG,
Michael JW, Bowker JH, eds: Atlas of Amputations and Limb
Deficiencies: Surgical, Prosthetic, and Rehabilitation Principles,
ed 3. Rosemont, IL, American Academy of Orthopaedic
Surgeons, 2004, pp. 409-428.)

Since then, numerous keel designs composed of differing materials and
offering varying degrees of forefoot “springiness” have been developed

into commercially available options. Many terms have been used to
describe these components, including flexible keel, energy storing and
release, and dynamic response, and they are now among the most widely
prescribed prosthetic components because of their good clinical
performance and positive acceptance by users.22
The term dynamic elastic response, originally recommended by
Lehmann et al14 in 1993, is used in this chapter. Research reports since the
mid-1990s demonstrate that the degree of keel stiffness in the forefoot of
these prosthetic feet varies widely, as does hysteresis, which is partially
dependent on the materials used.23 Clinically, dynamic elastic response
components vary from those with a relatively soft elastomeric forefoot
(which often is used for pediatric applications) to those with moderately
stiff thermoplastic keels (generally used for low to moderate activity
applications; Figure 3), to those with stiffer and lighter carbon fiber
construction (suitable for a broad range of activities and ages; Figure 4).
Feet with carbon fiber spring keels, particularly those with longer springs
that extend above the ankle into the shin region, have been shown to offer
the greatest efficiency in mechanical energy return.22 However, the
available distance from the end of the residuum to the floor may prohibit
the use of such high-profile designs for some individuals, and mechanical
energy efficiency is rarely the sole criterion for prescription.

Figure 4

Photograph of a carbon fiber, dynamic elastic
response foot. (Courtesy of Freedom Innovations, Irvine, CA.)

Dynamic Shin Pylons
Since the mid-1990s, innovative designers have created several different

shin pylon components that permit additional passive movement to
augment the function of the four basic foot types. Perhaps the most
commonly prescribed is the shock-absorbing pylon (Figure 5). Although
these components are well accepted clinically,24 research suggests that the
benefits of a spring-loaded telescoping shin are not yet fully understood.
Torque-absorbing pylons and tube clamps have long been available, and
both clinical acceptance and research findings support the value of these
components25 (Figure 6). Some manufacturers offer pylons that integrate
both features into a single component.

Hybrid Shin-Ankle-Foot Components
Today’s lightweight and durable lower limb prosthetic components can
often be creatively combined to provide an individual with a design
targeted to his or her specific needs and activities. Individualized treatment
of this sort is one of the hallmarks of contemporary prosthetic
rehabilitation. For example, a resilient low-profile carbon fiber dynamic
elastic response foot from one manufacturer can be attached to a multiaxial
ankle with adjustable transverse plane resistances from another to create a
hybrid multiaxial-dynamic elastic response component. Alternatively, a
single manufacturer can engineer both functions within a single integrated
component (Figure 7).

Figure 5

Photograph of an endoskeletal shock-absorbing
pylon. (Courtesy of Ottobock Healthcare, Austin, TX.)

The further addition of a shock-absorbing pylon provides additional
passive movement to either of the hybrid assemblies described earlier.
Several effective prosthetic foot designs that integrate the function of a
shock-absorbing pylon and a multiaxial ankle with a dynamic elastic
response foot are available and have been well received, particularly by
individuals who would like to participate in higher impact activities, such
as descending curbs or stairs or playing recreational sports such as
basketball and volleyball (Figure 8).
Prosthetic component engineers continue to find innovative ways to
simulate the benefits of articulated motions using lighter, stronger, more
resilient, and more reliable carbon fiber monolithic designs. The rapid
improvement in prosthetic running components, used by a small
percentage of high-performance athletes with amputations, offers a good
illustration of how effectively a passive mechanical prosthesis—when

optimally fitted, aligned, and adjusted—can effectively simulate limited
aspects of human performance.

Figure 6

Photograph of an endoskeletal torsion adaptor.
(Courtesy of Ottobock Healthcare, Austin, TX.)

Hydraulic Ankles
The concept of fluid-controlled prosthetic ankles, whose motion is
dampened hydraulically, is not new. In the United States, Hans Mauch
began developing the concept of a passive, fluid-controlled ankle in the
1950s, but it did not enter clinical trials until the late 1970s.26 The superior
damping and smoother motion of the Mauch Ankle was well received
clinically, but chronic seal leakage problems ultimately resulted in its
removal from the market.27

Figure 7

Photograph of a carbon fiber dynamic elastic
response foot with a split keel that enables multiaxial
compliance. (Courtesy of Freedom Innovations, Irvine, CA.)

In this millennium, there is new interest in exploring this concept
further, and several commercially available hydraulic ankle-foot designs
are currently available (Figure 9). Most take advantage of the smoother
damping that hydraulic resistance provides compared with mechanical
control, and some automatically ramp up resistance as cadence increases.
In most designs, the prosthetist can tune the hydraulic resistance to better
match the client’s gait; some designs have independent plantar flexion and
dorsiflexion damping adjustments.
One subset of fluid-controlled ankle designs permits up to 50° of
passive ankle plantar-dorsiflexion, a larger range than for nonhydraulic
prosthetic ankle designs. In addition, some hydraulic ankles can be
adjusted to permit an extended range of passive dorsiflexion, compared
with the typical mechanical prosthetic ankle, although unconstrained
dorsiflexion can induce a knee flexion moment in the latter portions of the
stance phase. For the user with a transtibial amputation, flexion can be
controlled by using active knee control. For the user with a transfemoral
amputation, flexion control can be provided with an appropriately
stabilized prosthetic knee.
Few objective studies of the most recent generation of passive

hydraulic ankles are currently available, but some wearers report the
perception of a smoother, more comfortable gait pattern.28-30 As more
data and clinical reports emerge in the future, these variants may require
their own classification, but at this time they may be considered another
variable in hybrid configurations. Some passive hydraulic ankles also are
available in MPC configurations.

Selecting Shin-Ankle-Foot Components
Shin-ankle-foot components are prescribed based primarily on the client’s
desired activity level and functional aspirations (Table 3). From within the
functional classification, the prosthetist selects the specific commercial
product(s) believed to offer the greatest value, function, and durability
without adding excessive weight. Suitability for a client’s needs is
typically verified during walking trials with a diagnostic prosthesis that
incorporates the components before creating the definitive design.

Passive, Body-Powered Prosthetic Knee
Mechanisms
Historically, passive knee mechanisms that are controlled only by their
mechanical design have been classified into a limited number of
conceptual groups based on their overall biomechanical performance. This
simple conceptual approach remains useful because the numerous
commercially available components within each conceptual group have
very similar indications and limitations, making it relatively easy to
exclude poor choices and generate a functionally appropriate prescription.

Single-Axis Constant-Friction Knee
Until World War II, the most widely available prosthetic knee in the
United States was a very basic hinge design that allowed the joint to bend
freely during the swing phase of gait. Adjusting a screw that pressed on the
knee bolt provided rudimentary damping during swing. Because of the
characteristics of mechanical friction, constant-friction swing control can
be set to allow the user to walk safely only at a single, reduced fixed
cadence.

Figure 8

Photograph of a carbon fiber dynamic elastic
response foot engineered with multiaxial compliance and shock
absorption. (Courtesy of Freedom Innovations, Irvine, CA.)

Because of its mechanical simplicity and lack of complex internal
parts, the single-axis constant-friction knee remains one of the lightest,
lowest cost, and most durable knee options (Figure 10). In the United
States, Medicare recognizes the single-axis constant-friction knee as an
element of the most basic possible prosthesis and considers it medically
necessary for individuals with very limited walking abilities.
Currently, the single-axis constant-friction knee is rarely used unless
rugged simplicity is the primary consideration (for example, by individuals
who live in remote areas and cannot arrange for regular prosthetic followup). It also is sometimes used for very young children when no alternative
is available because of size restrictions.
The single-axis constant-friction knee should generally be avoided
because it has two well-documented, major biomechanical deficiencies.
The single-axis constant-friction knee has no inherent stability; therefore,
every step must be carefully controlled by the user’s hip extensors to
prevent knee collapse and potential injury. To achieve perfect voluntary
control of a prosthetic knee under all conditions is an unrealistic
expectation for many individuals, particularly those who are feeble or have

multiple comorbidities.

Figure 9

Photograph of a carbon fiber foot with an
adjustable hydraulic ankle mechanism. (Courtesy of Freedom
Innovations, Irvine, CA.)

Equally important, because mechanical swing control is so ineffective,
the single-axis constant-friction knee is essentially a passive pendulum
during the swing phase, with the rate of swing limited by its length.31
Consequently, anyone using this type of knee is forced to walk at a
constant, slow pace, which is particularly aggravating for physically fit
individuals who might be able to use the knee safely but would otherwise
be able to vary their walking cadence.

Stance-Control Knee
Stance-control knees have mechanical design features that augment knee
stability during the stance phase, usually by a friction-brake mechanism
that engages whenever weight is applied to the prosthesis (Figure 11).
Adding sufficient friction to the knee axis prevents further motion, which
eliminates the risk of knee collapse. This component is perhaps most
frequently used as the initial prosthesis for an individual whose physical
condition limits ambulatory potential.
However, the typical weight-activated, friction-brake design has
historically been limited by a notable biomechanical limitation: It cannot
be flexed unless fully unloaded. For anyone capable of walking foot-overfoot with a prosthesis, this characteristic substantially disrupts gait

mechanics because knee flexion during the preswing phase of gait is
eliminated. For this reason, the basic stance-control knee is best limited for
use by those whose walking abilities are severely limited, perhaps caused
by multiple comorbidities in addition to amputation issues. The individual
who requires a walker for balance and walks with a slow, shuffling gait
often does well with this knee component.
Table 3 Overview of Prosthetic Knees

The bilateral use of stance-control knees may increase the risk of
injury during a fall because the brake mechanism makes it impossible to
bend the knees and control the direction of collapse. Sitting down with

bilateral weight-bearing friction-brake prostheses is nearly impossible
because the wearer cannot simultaneously unweight both sides to allow the
knees to bend. Consequently, the weight-activated stance-control knee is
best reserved for limited unilateral applications.

Figure 10

Photograph of a single-axis constant-friction knee.
(Courtesy of Ottobock Healthcare, Austin, TX.)

Some more recently developed stance-control knee designs now
automatically release the stability feature when the knee reaches full
extension under weight-bearing loads. This design advancement improves
biomechanical function and makes them preferable when mechanical
stance control is desired for individuals capable of walking foot-over-foot.

Polycentric Knee
Polycentric knees usually can be visually identified by the multiple
articulations they have, with four axis points being the most common
configuration. Because four linkage bars connect the four axes, the
polycentric knee also is referred to as a four-bar design (Figure 12).
Polycentric knee designs offer multiple biomechanical advantages over
single-axis constant-friction and stance-control configurations and are
increasingly popular as a result. One important advantage is that the
instantaneous center of rotation (ICOR), which is the functional center of

rotation of the knee, does not have to be located within the knee
mechanism itself. In a typical prosthetic design, the ICOR of the
polycentric knee is located proximal and posterior to the mechanical
articulations within the knee. The posterior location of the ICOR, far
behind the net GRFV in standing, makes the knee inherently stable
because of the extension moment that is created32 (Figure 13).

Figure 11

Schematic illustration of a cross-section view of a
weight-activated stance-control knee. Weight bearing
compresses the spring and causes the knee to clamp against
the cylindric brake bushing. Unweighting the prosthesis allow
the spring to open the clamping mechanism so that the lower
leg can swing freely. (Reproduced from Michael JW: Prosthetic
suspensions and components, in Smith DG, Michael JW,
Bowker JH, eds: Atlas of Amputations and Limb Deficiencies:
Surgical, Prosthetic, and Rehabilitation Principles, ed 3.
Rosemont, IL, American Academy of Orthopaedic Surgeons,
2004, pp. 409-428.)

In most polycentric knee designs, the position of the ICOR moves
anteriorly and distally as the knee flexes, following a curved pathway
called the centrode. After the knee has been flexed a few degrees, the

ICOR now falls in front of the GRFV, and the knee flexes automatically.
Clinically, this means that a well-designed, properly aligned polycentric
knee can provide inherent stability in early stance while still flexing easily
in late stance during the preswing. Many users prefer this combination of
inherent stability plus ease of voluntary swing phase initiation.

Figure 12

Photograph of a four-bar, polycentric knee.
(Courtesy of Ottobock Healthcare, Austin, TX.)

Some polycentric designs provide increased toe clearance at midswing
because the linkage mechanically shortens the shin during flexion. Actual
ground clearance can increase up to 3 cm for specific designs, reducing the
risk of tripping on environmental obstacles.33 Because of these
biomechanical advantages, stable polycentric knees are widely prescribed,
and their use continues to increase. They also work very well bilaterally
and for individuals with higher levels of amputation.
It is important to realize that not all polycentric knees are inherently
stable. A second type of polycentric knee is designed primarily to
accommodate long residual limb lengths by minimizing the protrusion
beyond the socket during sitting (Figure 14). Because they are indicated
for individuals with knee disarticulation or very long transfemoral

amputations who have the bony length and muscle strength to voluntarily
control the prosthesis with the residual limb, many of these polycentric
knees do not offer substantial inherent stability.

Figure 13

Illustration of the initial instantaneous center of
rotation (ICOR) for polycentric knees that typically falls proximal
and posterior to the mechanical axes. As the knee is flexed, the
ICOR usually moves in an anterior and distal direction, as
shown here, along a characteristic arc. (Reproduced from
Michael JW: Prosthetic suspensions and components, in Smith
DG, Michael JW, Bowker JH, eds: Atlas of Amputations and
Limb Deficiencies: Surgical, Prosthetic, and Rehabilitation
Principles, ed 3. Rosemont, IL, American Academy of
Orthopaedic Surgeons, 2004, pp. 409-428. Copyright James
Breakey, PhD, CP.)

Linkages that are more complex, with five or more bars, have become
popular in recent years. Most offer additional biomechanical advantages in
addition to the features of a stable four-bar polycentric knee. One design
includes a geometric lock feature that automatically engages and
disengages during ambulation (Figure 15). Others provide a limited range
of controlled knee flexion during loading response, simulating the shockabsorbing characteristic of the biologic knee (Figure 16). Gait studies
have confirmed that these stance-flexion knees result in more
biomechanically normal gait kinematics during early stance phase.34,35

Figure 14

Photograph of a polycentric knee designed for
use in knee disarticulation prostheses, where it folds under the
socket to minimize protrusion of the knee distal to the socket in
sitting. (Courtesy of Ottobock Healthcare, Austin, TX.)

Manual Locking Knee
Manual locking knees provide maximum stability by immobilizing the
knee in full extension throughout the gait cycle. The user must unlock the
manual locking knee to flex it for sitting. Because swing phase knee
flexion is eliminated by the manual locking knee, the prosthesis becomes
functionally too long, and the user must hip-hike, vault, circumduct, or

abduct the prosthesis for the toe to clear the floor. These necessary
compensations not only result in abnormal gait patterns but are also
believed to increase the energy cost of ambulation. It is customary to
shorten the prosthesis approximately 1 cm to facilitate toe clearance with a
manual locking knee; however, it then appears as if the wearer is stepping
into a hole during the stance phase.

Figure 15

Photograph of a multiple linkage polycentric knee
with a geometric lock feature that engages during loading
response. (Courtesy of Össur, Reykjavik, Iceland.)

Figure 16

Photograph of a multiple linkage polycentric knee
that provides a limited range of knee flexion during loading
response through the adjustable compression of a bumper.
(Courtesy of Ottobock Healthcare, Austin, TX.)

To avoid these undesirable characteristics, the manual locking knee
should be considered only as a last resort and not be used when a
polycentric or other design would be effective. If a manual locking knee is
needed temporarily because of patient weakness or similar considerations,
a more functional knee should be provided as soon as feasible, before
these gait faults become habitual. Alternatively, several hybrid polycentric
and stance-control knees include a manual locking feature that can be
engaged when needed, such as in the early phases of rehabilitation or
during negotiation of unfamiliar environmental obstacles, and otherwise
unlocked, taking advantage of their inherent mechanical stability
mechanisms (Figure 17).
The limited studies available suggest that the manual locking knee
does not provide a more energy-efficient gait than a free-swinging knee,
but it may be preferred by elderly patients who are feeble, enabling them
to walk more rapidly and confidently than with a free-swinging knee.36
The bilateral use of locked knees is integral to the graduated length
protocols of bilateral transfemoral stubby prostheses to allow knee flexion

in sitting as prosthetic height is progressively increased.37
Conventional wisdom has long dictated that manual locking knees be
used for toddlers and small children until they have developed sufficient
balance to walk with a free knee. Available evidence suggests that this is
unnecessary because very young children who have a polycentric or
similar free-swinging knee readily master its capabilities and appear to
develop a more mature gait pattern at an earlier age than those who
transition from a manual locking knee.38

Fluid-Controlled Knee
The term fluid-controlled knee refers to a component that uses pneumatic
or hydraulic fluid to dampen knee motion, typically in a piston/cylinder
configuration. It is well established that fluid-controlled knees provide a
smoother, more normal swing phase movement than knees with
mechanical control, and they automatically compensate for moderate
changes in a user’s cadence. They are therefore indicated for anyone
capable of walking at variable cadences.

Figure 17

Photographs of hybrid knee mechanisms with
convertible mechanical locking features that can be used as
locking knees during early rehabilitation and/or mechanical
articulating knees with optional locking functions as user
mobilization increases. A, Polycentric. B, Stance-control.

(Courtesy of Medi USA, Whitsett, NC.)

In theory, pneumatic knees may be preferable for outdoor use in
bitterly cold conditions because extreme temperatures have little effect on
their viscosity. However, modern hydraulic knees use silicone-based oils
that do not thicken very much in cold weather, so this is no longer a major
distinction.
A more important biomechanical consideration is that gases (such as
the air in pneumatic knees) are readily compressible, whereas liquids (such
as the oil in hydraulic knees) are incompressible. The compressibility of
the gas in a pneumatic knee means that a specific volume is required to
provide adequate resistance for swing phase damping of the prosthetic
knee. The incompressibility of hydraulic oil means that only a small
volume is needed to provide effective swing phase control, so a hydraulic
knee may be smaller and lighter than a pneumatic knee equivalent.
Incompressibility also means that a hydraulic knee can offer a wider range
of cadences than a pneumatic design.
In addition, pneumatic control cannot provide sufficient resistance to
create stance phase stability. Only hydraulic knee designs offer effective
stance control, usually in the form of a slowly yielding resistance to
sudden knee flexion that was pioneered in the 1950s by the Mauch Swing
and Stance knee (Össur).39 The Mauch knee and its clones are still widely
used in the United States, which is a testament to the clinical effectiveness
of this application of fluid-control principles (Figure 18).
All fluid-controlled knees are more complex and therefore more costly
than purely mechanical knees, and they require periodic servicing to
replace worn seals. However, many users consider the increase in function
well worth the additional cost and maintenance. Hydraulic knees with a
36-month manufacturer’s warranty are readily available, so the
incremental increase in cost is amortized over a longer functional life span
than would be the case with a typical mechanical knee having a 12-month
manufacturer’s warranty.

Figure 18

Photograph of a single-axis knee regulated by a
hydraulic cylinder. (Courtesy of Össur, Reykjavik, Iceland.)

Hybrid Knee Components
Hybridization, which combines two or more basic prosthetic knee designs
into an integrated assembly, is commonplace. One of the most popular
combinations adds the cadence response of fluid swing phase control to
the multiple biomechanical advantages of a polycentric mechanical design.
Some polycentric hybrids have two hydraulic cylinders: one for swing
phase damping and the other for stance phase damping, to modulate the
rate of stance phase knee flexion during the loading response phase of gait.
Another example is seen in the venerable Mauch Swing and Stance
knee, which has incorporated a manual locking mode since its inception
for added safety during activities such as climbing ladders, making it the
original hybrid prosthetic knee.

Selection of Knee Components
Table 3 summarizes the basic characteristics of knee and positional
locking components. They are prescribed based primarily on an

individual’s desired activity level and functional aspirations, taking into
consideration their stance and swing phase abilities.
Michael40 previously described a simple algorithm for prescribing
passive, mechanical prosthetic knees, based on the answers to four
questions: (1) Is the individual able to voluntarily control the knee under
all circumstances? (2) Is the individual able to flex the knee in a controlled
manner during preswing? (3) Is the individual able to vary his or her
cadence when walking? (4) Is the individual able to walk at a moderate or
faster pace?
Figure 19 graphically illustrates the logic tree that leads to a
consideration of articulation type (single axis versus polycentric) and
swing control (fluid versus constant friction). The prosthetist selects the
specific commercial product(s) that meet these criteria and are believed to
offer the greatest value, function, and durability without adding excessive
weight. The suitability of these components for the client’s needs can be
verified during walking trials with a diagnostic prosthesis before creating a
definitive design.

Positional Locking Components
Although often overlooked because their biomechanical functions are not
as complex as swing or stance phase control, components that permit the
user to lock the prosthetic components in multiple positions can
substantially enhance quality of life by making activities of daily living
much less difficult. Incorporating a locking positional rotator immediately
above the prosthetic knee joint allows the user to unlock and rotate the
knee internally or externally (Figure 20). This facilitates dressing, entering
confined spaces such as automobiles, and sitting cross-legged. As a
general guideline, a locking positional rotator should be considered
whenever there is sufficient space to install this component between the
socket and the knee.
If the locking positional rotator is placed between the transtibial socket
and the shin, the wearer can externally or internally rotate the foot 90° or
more. This facilitates kneeling or sitting back on one’s legs, which can be
important for specific occupations or cultural reasons.
Locking ankle designs are also very useful for people who wear
prostheses. Some are designed to permit the use of swim fins while
swimming, snorkeling, or scuba diving. Others make snow skiing or water

skiing easier for the person with an amputation.
Many people benefit from being able to adjust their prosthesis to
accommodate differing heel heights (Figure 21). Otherwise, changing to a
shoe style with a different heel height adversely affects gait, comfort, and
safety while using the prosthesis. Several mechanical and hydraulic
adjustable ankle joints are currently available that have a feature to
compensate for shoes with differing heel heights. Some require manual
adjustment, whereas others incorporate MPC activation to automatically
adjust alignment to maintain maximum safety and gait efficiency.

Summary
The prescription of prosthetic elements remains an art based on science.
One of the most widely accepted methods for developing prescription
recommendations is to match the biomechanical performance of each
component to the individual’s functional goals, physical abilities, and
personal aspirations.

Figure 19

Illustrations of logic trees to guide clinical decision
making in selecting an appropriate prosthetic knee.
(Reproduced with permission from Michael JW: Modern
prosthetic knee mechanisms. Clin Orthop Relat Res
1999;361:39-47.)

Figure 20

Photographs of locking positional rotators.
(Courtesy of Ottobock Healthcare, Austin, TX.)

Figure 21

Photograph of a carbon fiber dynamic elastic
response foot with an adjustable heel height. (Courtesy of
Freedom Innovations, Irvine, CA.)

To facilitate this approach, lower limb components can be grouped
conceptually into classes based on their clinical performance
characteristics. Such grouping allows the quick elimination of
inappropriate choices. Then the clinic team can focus on identifying the
optimal design configuration for the individual, based on the best available
scientific evidence, client values, and local clinical expertise.
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Lower Limb Prosthetic
Components: MicroprocessorControlled Components
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Abstract
Lower limb prosthetic systems in current use are increasingly characterized
by components that are regulated by internal microprocessors, which can
control passive joint characteristics and active joint movements at both the
knee and the ankle. The previously limited number of commercially available
microprocessor-controlled components continues to increase with more
prototype devices being described in the current prosthetic literature. The
benefits of these technologies are still being determined, but they appear to
include increased confidence and security, reduced cognitive loading,
improved energy efficiency, and increased self-selected walking speeds.

Keywords: external power; lower limb prosthesis;
microprocessor-controlled; microprocessor-regulated,
prosthetic components
Mr. Stevens or an immediate family member serves as a paid consultant to
or is an employee of Hanger Clinic, and serves as a board member, owner,
officer, or committee member of the American Academy of Orthotists and
Prosthetists. Neither Mr. Michael nor any immediate family member has
received anything of value from or has stock or stock options held in a
commercial company or institution related directly or indirectly to the
subject of this chapter.

Introduction
Microprocessors were first introduced into prosthetic components in 1990

and have been increasingly used since that time. This chapter focuses on
both currently available and developing prosthetic technologies that use
microprocessor regulation. Several key terms in this chapter require a
definition. The term microprocessor-controlled (MPC) refers to
components that are intelligently regulated in real time by one or more
onboard microprocessors that modify some characteristic of their behavior
according to either environmental or user inputs. Passive MPC
components refer to components in which the passive resistance
characteristics of the named joint are moderated according to these inputs.
Active apropulsive MPC components refer to components capable of
producing nonpropulsive movement around a joint axis, creating
movement of elements within the prosthesis but incapable of propelling
the end user’s body weight. Active propulsive MPC components refer to
components that respond to environmental or user inputs by creating
powered movements capable of propelling the user’s body against
gravitational forces.

Passive MPC Prosthetic Knee Mechanisms
The large-scale incorporation of commercially available MPC prosthetic
components began with passive MPC prosthetic knee mechanisms. Prior to
the implementation of microprocessors, the dampening characteristics of
prosthetic knee mechanisms were commonly regulated by hydraulic
cylinders. These hydraulic mechanisms were engineered to control the
resistance of the knee during the swing phase of gait, the stance phase of
gait, or both.1-3 The relative passive resistance characteristics of such
knees are adjusted by the prosthetist to match the needs of individual
patients according to such factors as their limb strength and preferred
walking speed. However, these resistance values can be optimized only
within a modest range of walking speeds.4 Thus, if an individual walks
faster than the gait speed used when the resistance parameters for the knee
were set, these resistance values might be experienced as inadequate,
allowing excessive heel rise in the swing phase and causing the individual
to wait on the prosthesis. In contrast, if an individual walks slower,
resistance values could be experienced as excessive, creating a relatively
stiff knee.
In the first generation of passive MPC knee mechanisms, the resistance
values of the knee during the swing phase of gait could be set to relative

values consistent with the user’s self-selected, fast, and slow walking
speeds.4 Sensors within the knee unit recorded the speed of knee flexion
during gait, allowing an onboard microprocessor to vary the swing
resistance of the knee in real time with the user’s gait speed. Secondgeneration devices, beginning with the C-leg (Ottobock), expanded the
role of the microprocessors, allowing variation of both swing and stance
phase knee resistance in real time according to environmental inputs.4 In
addition to adapting the knee resistance to variable walking speeds, these
second-generation MPC knee joints could recognize aberrant movements
that might suggest a stumble and modulate the resistance to knee flexion
accordingly.

Figure 1 Photograph of the C-leg, a passive microprocessorcontrolled knee mechanism. (Courtesy of Ottobock, Austin,
TX.)

Early research inquiries on passive MPC knees tended to focus on
questions of energy consumption and efficiency.5,6 This led to the

erroneous impression that the benefits of MPC knees could only be
experienced by young and active amputees.7 Subsequent research efforts
began to focus on such issues as balance, confidence, stumbles, falls,
cognitive loads during ambulation, and the negotiation of environmental
obstacles.8,9 With this shift in focus, it became clear that many of the
benefits associated with the use of MPC knees could also be experienced
by older patients who may not initially present with the ability to ambulate
at elevated walking speeds.9-13
There are now nearly two decades of research on passive MPC knee
mechanisms, with the bulk of that research conducted on the C-leg (Figure
1) and the C-leg Compact (Ottobock). In aggregate, this research suggests
that the greatest value of these devices to end users may be observed in
decreases in stumbles and falls, decreased perceived cognitive burden
during ambulation, and increases in self-reported mobility and wellbeing.14,15

Figure 2

Photograph of the élan foot, a passive
microprocessor-controlled foot-ankle mechanism. (Courtesy of
Endolite, Hampshire, UK.)

Passive MPC Prosthetic Foot-Ankle Mechanisms
More recently, the concept of regulating passive joint resistance has been
applied to foot-ankle mechanisms with a renewed interest in hydraulically
regulated ankle motion. The loads experienced by the residual limb within
the prosthetic socket vary according to walking surfaces, with higher
localized loads often observed during descending tasks.16 The use of
hydraulic foot-ankle systems among patients with transtibial amputations
has been shown to decrease the loading rates experienced at the distal tibia
across a range of walking tasks and surfaces and provide a generally
smoother gait.17-19 As with hydraulically modulated knee systems, ideal
hydraulic resistance at the ankle will vary according to patient preferences,
ambulatory speed, and the slope of the walking surface.18 Hydraulic
settings refined for walking on level ground may prove less ideal when
navigating sloped terrains. During hill ascent, increased resistance to
plantar flexion and decreased resistance to dorsiflexion may facilitate a
more normal gait pattern. In contrast, descent may be safer and more stable
with decreased hydraulic resistance to plantar flexion and increased
resistance to dorsiflexion.20,21 Within passive MPC prosthetic foot-ankle
mechanisms, such as the élan foot (Endolite) and the Raize foot (Fillauer),
onboard sensors are able to determine the slope of the walking surface and
adapt the hydraulic resistance of the ankle in real time21 (Figure 2).
Adapting ankle position according to environmental demands
represents one strategy for passive MPC prosthetic foot-ankle
mechanisms. In an alternative strategy, referred to as the ankle mimicking
prosthetic foot or AMP foot 1.0 (developed by Vrije Universiteit in
Brussels, Belgium), the objective is to obtain a targeted, focused release of
the energy conserved throughout the stance phase at the moment of pushoff.22 The ankle mimicking prosthetic foot design does not draw on
external power to create propulsive forces; rather, it refines the concept of
an energy-storing foot by harvesting energy throughout the stance phase of
gait and releasing it through a more physiologic range of plantar flexion at
the moment of push-off as determined by an onboard microprocessor.22

Active Apropulsive MPC Prosthetic Foot-Ankle
Mechanisms
During ambulation, the ankle experiences swing phase dorsiflexion to

assist in limb clearance. The PROPRIO FOOT (Össur) represents an active
apropulsive MPC foot-ankle system in which swing phase dorsiflexion is
provided through the application of external power to a drive motor23
(Figure 3). This movement can also be used to adapt the ankle position
during sitting (by adjusting to an alignment of relative plantar flexion to
better mimic able-bodied ankle behavior) and across variable heel heights
(by adopting increasing angles of relative plantar flexion with increasing
heel height). It is also capable of actively adapting to surfaces with
variable inclines and declines. The effects of this mechanism on
ambulation are still uncertain, with preliminary studies suggesting
inconsistent effects on self-selected walking speeds and energy costs
during ambulation.24-26 Patients have described both a feeling of increased
safety and decreased perceived exertion during ramp descent.20,26 During
stair ascent, the additional dorsiflexion mobility of the prosthetic limb
appears to reduce the impact on the sound limb.24

Figure 3

Photograph of the PROPRIO FOOT, an active
apropulsive microprocessor-controlled foot-ankle mechanism.
(Courtesy of Össur, Reykjavik, Iceland.)

Active Propulsive MPC Prosthetic Foot-Ankle
Mechanisms

More recently, developers of foot-ankle prostheses have been challenged
to address the propulsive deficits encountered in the absence of concentric
contractions across the major joints of the lower limbs. Most of the
propulsion of the able-bodied lower limb is derived from the concentric
activity of the plantar flexors during push-off.27 Given that the ankle
generates 3 to 5 times the energy it absorbs during walking on level
ground,28,29 this deficit can be only partially addressed in prosthetic feet
with nonpowered energy storage and return.30,31
Several approaches are being explored to provide propulsive
movement at the prosthetic ankle joint. In the first commercially available,
externally powered, propulsive MPC foot-ankle prosthetic design, the
BiOM foot (BiOM), battery-powered electronic drive motors coupled with
parallel, mechanical springs are used to mimic the push-off behavior of the
plantar flexors32,33 (Figure 4). The preliminary benefits identified with
this system include reduced energy consumption in gait, increased selfselected walking speeds, and decreased loading of the sound side limb at
the moment of prosthetic push-off in gait.33-36

Figure 4

Photograph of the BiOM T2, an active propulsive
microprocessor-controlled foot-ankle mechanism. (Courtesy of
BiOM, Bedford, MA; photographer Jimmy DeVarie, BiOM.)

In addition to the BiOM foot, several alternative designs are in various
stages of development. In a device that uses a spring ankle with
regenerative kinetics (known as SPARKy), robotic tendon actuators

enhance the energy stored by helical springs mounted posterior to a
prosthetic ankle joint (Figure 5). As these springs elongate during ankle
dorsiflexion, low-energy motors mounted in series with the springs draw
on an external power source to further deflect them, thus augmenting their
propulsive forces at the time of push-off.37,38

Figure 5

Photograph of the Odyssey Ankle (SpringActive).
Its design was derived in part from research using a spring
ankle with regenerative kinetics. (Courtesy of SpringActive,
Tempe, AZ; photographer Philipp Pasolli.)

In a related approach, the ankle mimicking prosthetic foot or AMP foot
2.0 (developed by Vrije Universiteit in Brussels, Belgium) uses two elastic
springs. A spring for plantar flexion is located within the foot and stores
energy throughout the controlled dorsiflexion of gait. A second push-off
spring is mounted posteriorly to the prosthetic ankle joint where it is
progressively loaded by an externally powered electric actuator throughout
the stance phase. A locking mechanism stores the energy of the system
until the moment of push-off, when it is released.39
Efforts also have been described in which pneumatic bladders are
inflated to mimic the contractile activity of muscle bellies.40-42 However,
the effectiveness of these pneumatic systems has been limited because of

their current need to be tethered to an external source of pressurized air.

Active Propulsive MPC Prosthetic Knee Mechanisms
Unlike the ankle, which acts primarily as an energy generator during
walking on level ground, the knee joint is better characterized by its
energy absorption capabilities.29 Prosthetic replication of knee joint
function has historically focused on the resistance provided by hydraulic
cylinders and elastomeric bumpers. However, during certain tasks, such as
ascending sloped terrain or stairs and sit-to-stand transfers, the knee acts as
a net power generator.29

Figure 6

Photograph of the POWER KNEE, an active
propulsive
microprocessor-controlled
knee
mechanism.
(Courtesy of Össur, Reykjavik, Iceland.)

Early attempts at providing powered propulsion at the knee joint have
been based on the battery-driven drive motors of the POWER KNEE
(Össur) (Figure 6). Early evidence is limited but suggests potential
advantages in limb symmetry during sit-to-stand transfers43,44 and sparing

of the limb on the sound side during step-over-step stair ascent.45

Figure 7 Photograph of an active propulsive microprocessorcontrolled knee-ankle-foot mechanism. (Copyright Michael
Goldfarb, PhD and Cognizant Communication, Putnam Valley,
NY.)

An alternative approach has been suggested in which elastic actuators
are coupled antagonistically to store and release the energy of the knee
throughout the gait cycle in a more conservative fashion.46 Such a system
would be nearly energy neutral during walking on level ground, thereby
reducing the weight and capacity of the external battery source. However,
the system would be capable of positive energy production during
ascending tasks, with an associated increased reliance on the externally
powered actuators of the system.
As with active propulsive MPC prosthetic foot-ankle mechanisms,
pneumatic artificial muscle systems have been suggested as a potential
source of propulsive force.47 However, this effort is currently confined to
laboratory prototypes and limited by the current requirement that it be
tethered to an external source of power.

Active Propulsive MPC Prosthetic Knee-Foot-Ankle

Mechanisms
In addition to the current efforts to provide propulsive power at the knee
and ankle separately, an approach has been described in which a powered
knee and powered ankle are coupled together within the same
prosthesis.48,49 Extensively described within the literature, prototypes of
the Vanderbilt knee (developed by Vanderbilt University in Nashville, TN)
suggest substantial increases in self-selected walking velocity, decreases in
the energy costs of ambulation, and improved biomechanics during the
negotiation of stairs and ramps49-51 (Figure 7). Although early in their
development, alternative energy-efficient approaches are being
investigated in which the energy absorbed at the knee during stance
flexion is stored and transferred to the ankle to provide a propulsive pushoff.52,53

Myoelectric Control of Powered Movement
The MPC components described to this point rely on input gathered from
sensors embedded within the components themselves. Using angular
velocities as measured at the mechanical joints or load sensors positioned
within the prosthesis, the various microprocessor mechanisms interpret
this input to infer the needs of the end user and accordingly adapt the
passive or propulsive characteristics of the prosthesis. An alternative
approach, which is receiving increased attention in the current literature,
involves user-generated inputs in the form of myoelectric signals
generated at the residual limb to trigger active movement of the prosthesis.
Transfemoral amputees have demonstrated successful myoelectric
control of virtual lower limb prosthetic devices.54,55 This was followed by
successful ambulatory control of externally powered prototype prostheses,
with control provided by myoelectrodes positioned underneath the
interface liners in transtibial applications and within the socket wall of a
transfemoral prosthesis.56,57 More recently, a case study has suggested the
potential benefits of further enhancing the functionality of externally
powered lower limb prostheses by coupling targeted muscle reinnervation
techniques with more elaborate myoelectric control systems.58 Preliminary
investigation suggests that, within transfemoral applications, patients may
experience greater comfort and fewer motion artifacts when electrodes are
mounted within the interior socket wall of a skin-fit, suction suspension
socket.59

Summary
In addition to the wealth of non–MPC components that continue to meet
the basic needs of many individuals with lower extremity limb loss, many
modern prosthetic components derive functional benefits from
microprocessor regulation. These components range from passive devices,
which change the joint resistance values in real time to adapt to the
immediate needs of the end user, to active propulsive devices capable of
drawing energy from an external power source to create propulsive
movements. Within this range of MPC components, the functional benefits
are not yet fully defined but appear to have the potential for enhanced
safety and confidence, reduced energy consumption, and decreased
reliance on compensatory gait strategies. Continued research and
development will better define these benefits within the prosthetic
healthcare delivery system and improve the functional abilities of the end
users.
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Chapter 37

Partial Foot Amputations and
Disarticulations: Surgical
Management
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Abstract
Partial foot amputation is an option for certain patients in an appropriate
clinical setting. These amputations can provide a functional weight-bearing
limb, increased independence, and decreased energy expenditure and
mortality compared with more proximal amputations. Before surgery, it is
important to select the most appropriate amputation level. Soft-tissue
balancing becomes a critical component of the surgery with a more proximal
partial foot amputation. In addition to patient selection and surgical
technique, proper fitting and use of an orthosis or prosthesis help minimize
the risk of complications and provide a good and durable outcome.
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Introduction
The need for an amputation at any level is life changing for the patient. In
the United States, amputation most commonly is necessitated by vascular
insufficiency, a diabetes-related complication, trauma, or congenital
deficiency.1 Patients with diabetes are 10 times more likely to require an
amputation at some level during their lifetime than the general
population.1 According to the Centers for Disease Control and Prevention,
in 2010 there were 73,000 nontraumatic lower limb amputations in people
with diabetes who were 20 years or older.2 More than 60% of
nontraumatic amputations occur in patients with diabetes.2,3 After
transtibial amputation, the 1-year mortality rate is 20.8% to 35.5%, and the
5-year mortality rate is 65%.4 Although it is unclear whether these poor
outcomes are related to the amputation level or the underlying disease
process, a more distal amputation is preferable to a transtibial amputation.
If possible, foot and ankle surgeons use partial foot amputation as a
salvage procedure, so that the patient can retain a functional weightbearing residual limb.3 Compared with transtibial amputation, partial foot
amputation requires less energy expenditure for ambulation, provides a
weight-bearing residual limb, may allow the patient to retain greater
independence, and may improve the ability to ambulate in older patients
who generally have lower ambulatory demands.4 Transmetatarsal
amputation has a lower mortality rate 1 and 3 years after surgery,
compared with transtibial amputation.4 Because a salvage partial foot
amputation greatly reduces the area of weight bearing on the foot, proper
fitting and use of an orthosis or prosthesis are essential. This factor is even
more critical if the patient has impaired sensation.5 The types of partial
foot amputations include ray resection, transmetatarsal, Lisfranc
tarsometatarsal, and hindfoot (Chopart and Boyd) (Figure 1).

Preoperative Evaluation
A thorough preoperative physical examination and evaluation of limb
perfusion are useful in determining whether a patient can benefit from a
partial foot amputation rather than amputation at a more proximal
level.4,6,7 The level of amputation most commonly is determined by the

location of necrotic tissue, the distal extent of the viable soft-tissue
envelope, and the potential ambulatory status of the patient.8,9 The goal of
a partial foot amputation is to salvage the foot at a level at which the softtissue envelope will heal, without concern for further breakdown during
the patient’s lifetime.5

Limb Perfusion Assessment
Limb perfusion can be noninvasively assessed using transcutaneous
oxygen tension, the ankle-brachial index (ABI), arterial Doppler
ultrasound studies, toe systolic blood pressures, and toe brachial
indices.5,10,11 An ABI lower than 0.9 is considered abnormal, and the
likelihood of healing is poor if the ABI is lower than 0.455,6,12; however,
the ABI may be inaccurate in a patient with calcification of the blood
vessels.13 Toe brachial indices and toe systolic blood pressures appear to
be more accurate than the ABI in patients with diabetes or peripheral
vessel calcifications because the digital arteries are less commonly
affected by calcifications when compared with larger arteries about the
ankle and remain compressible for obtaining accurate pressure
readings.13,14 The toe brachial indices and toe systolic blood pressures are
obtained by inflating a cuff on the toe. These tests may not be feasible
when very distal toe necrosis or toe ulceration is present in an area where
the cuff would be placed.14,15

Figure 1

Schematic drawing showing some of the levels of
partial foot amputation or disarticulation. (Adapted from Witt BL,

Philbin TM: Midfoot amputations, in Flatow E, Colvin EC, eds:
Atlas of Essential Orthopaedic Procedures. Rosemont, IL,
American Academy of Orthopaedic Surgeons, 2013, pp 551556.)

Transcutaneous tissue oxygen tension is a measurement of the amount
of oxygen that has diffused across capillaries to the epidermis. This test
can reliably and easily be used in all patients.11,13,16 A tension
measurement higher than 30 mm Hg suggests adequate healing potential; a
measurement lower than 20 mm Hg is predictive of wound-healing
failure.5,6,11,12,17 Because this test does not rely on the mechanical
compression of arteries, it is well suited to patients with diabetes or arterial
calcification.13 Andrews et al11 recommended using both this test and
those previously described in deciding on an amputation level. In a study
of 261 patients with diabetes, Faglia et al15 found that transcutaneous
tissue oxygen tension was a more reliable test than ankle or toe pressures
and that it could be used independently in risk stratification for limb
ischemia. The primary disadvantage to the use of this test is the time
needed to calibrate and equilibrate the machine after attachment to the
patient and before measurements are obtained.11 In addition, the
measurements can be inaccurate in the presence of infection or peripheral
edema.18
Invasive methods of assessing perfusion may be warranted if the
adequacy of perfusion is a concern. If a patient has an ABI of less than 0.9,
a vascular surgery evaluation and CT angiography can be useful for
determining the lowest level of viable tissue perfusion in a limb.6,17
Biphasic or triphasic signal on arterial Doppler ultrasound indicates a
healthy vessel, but monophasic signal indicates a diseased artery. The
likelihood of a successful distal amputation often can be increased by
preamputation use of endovascular methods or surgical revascularization
of the lower limb. At least 72 hours should elapse between the
revascularization and the amputation.12

Imaging
Three radiographic views of the foot and ankle should be obtained, and
they should be weight bearing if possible.6 Additional imaging studies
sometimes are useful for further delineating the extent of soft-tissue or
bony involvement and deciding on the amputation level. MRI can best

depict soft-tissue masses, fluid collections, or osteomyelitis. CT can show
subtle osseous changes such as fractures, periosteal reactions, or sequestra.
Indium-111–labeled white blood cell scans can detect focal areas of
infection, such as osteomyelitis, and can differentiate an infectious from a
noninfectious process.17

Metabolic and Nutritional Status
Maximizing the patient’s metabolic and nutritional status is an important
part of preoperative optimization of wound-healing potential. Proper
control of blood glucose levels in a patient with diabetes is essential for
lowering the risk of infection and improving the healing ability of surgical
wounds.5-8 Partial foot amputation is less likely to succeed in a patient
with a hemoglobin A1c level higher than 8.0%.4 A serum albumin level
higher than 3.0 g/dL or serum protein level higher than 6.0 g/dL is needed
for adequate tissue healing.5,7 Historically, a lymphocyte count higher
than 1,500 cells/μL was considered to indicate high wound-healing
capacity, but Pinzur et al19 found that this measurement was not
prognostic. The same study found a threefold increase in infection rates
after a Syme ankle disarticulation in patients who were tobacco smokers.

General Surgical Considerations
The patient is positioned supine on the operating table with a bump
underneath the ipsilateral hip to limit external rotation of the lower
limb.6,20-22 Planned skin incisions are marked to indicate the position of
future skin flaps. In an amputation necessitated by infection,
exsanguination of the limb historically has been avoided because of the
theoretic risk of spreading the infection proximally.10 However, this
practice is not known to be supported by research. It is acceptable to use a
tourniquet to limit blood loss when infection is present, but exsanguination
of the limb is not recommended before inflation of the tourniquet.
Placement of the tourniquet over an area of vascular bypass grafts or stents
should be avoided because of the theoretic risk of injury, although this
recommendation is also historical and not supported by known studies.10
Alternatively, an Esmarch bandage can be used as an ankle tourniquet in a
distal procedure.10,23

Ray Resection
Outcome Considerations
In an appropriate patient, ray resection can be more durable and functional
than a transmetatarsal amputation.10,21 Ray resection is used only if
necrosis and soft-tissue loss are limited and is most successful if no more
than two rays are resected.6,10,21 Resection of the lateral rays best
maintains the foot balance needed for ambulation.6 Partial resection of the
medial forefoot tends to increase stress at the lateral border of the foot.
Resection of the first ray leads to loss of the anterior tibial tendon
insertion, which decreases the dorsiflexion power of the ankle and
increases pronation of the forefoot. Resection of the first ray also leads to
instability of the medial column during the terminal stance phase of gait
because of the loss of the flexor hallucis brevis and flexor hallucis longus
insertions.24 If the entire fifth metatarsal is resected, including the base,
the peroneus brevis insertion is lost, causing loss of eversion strength and
contributing to varus deformity of the hindfoot unless it is reattached to a
surrounding structure.6,21 Patients should be informed that claw toes may
develop after ray resection because of loss of balance of the intrinsic
musculature. Figure 2 shows a radiograph of an entire fifth-ray resection
in which the peroneus brevis insertion was transferred to the cuboid.

Surgical Technique
A dorsal longitudinal skin incision is made along the affected metatarsal.
At the level of the metatarsophalangeal joint, the skin incision is continued
through the adjacent web space to the plantar aspect of the foot.21 The
sensory nerves are identified just deep to the skin incision, gentle traction
is applied, and the nerve is transected sharply with the scalpel and allowed
to retract proximally. The extensor tendon is identified and transversely
incised at the level of the tarsometatarsal joint. Proximally, the lumbrical
and interosseous muscles are identified and transversely incised. At this
point, the base of the metatarsal is identified. If possible, the metatarsal
distal to the base should be resected to preserve the tarsometatarsal joint
and the transverse metatarsal arch.6,21 An oscillating saw is used to make
a transverse cut in the proximal metatarsal. If the entire metatarsal is to be
resected, however, a disarticulation of the tarsometatarsal joint is
substituted. The proximal aspect of the metatarsal is lifted out of the
wound, and the soft tissues deep to the metatarsal are identified. The flexor

tendon is transected transversely, and all soft-tissue attachments to the
metatarsal are carefully removed in a proximal-to-distal fashion.21 The
metatarsal can then be removed.
After the metatarsal is removed, the remaining adjacent
metatarsophalangeal joint capsules are anchored together using 0
nonabsorbable suture.21 This step is intended to hold the adjacent
metatarsal heads in proximity as the soft tissue heals. A small drain can be
placed into the void between the remaining metatarsals, if desired. The
subcutaneous tissue is approximated using 3-0 absorbable suture, and the
skin is approximated using 3-0 nylon suture. A well-padded posterior
splint is placed onto the limb with mild compression to hold the metatarsal
heads in proximity.21

Figure 2

AP radiograph showing resection of the entire fifth
ray with transfer of the peroneus brevis insertion to the cuboid.

Transmetatarsal Amputation
Outcome Considerations
If soft-tissue or bony involvement precludes an isolated ray resection,
transmetatarsal amputation historically has led to excellent long-term
function and ambulation as well as decreased energy expenditure and risk
of mortality.4,6,7,9,20 Transmetatarsal amputation first was described in
1949 by McKittrick, and approximately 10,000 of these procedures are
performed in the United States each year.6,7,10 The benefits of a
transmetatarsal amputation over a more proximal resection include
maintenance of the anterior tibial and peroneus brevis insertions, which
helps maintain power of ankle motion, ankle stability, and forefoot
balance.6,9,25 Younger et al26 found that the most important predictor of
success in transmetatarsal amputations was a hemoglobin A1c level lower
than 10%. To avoid wound-healing complications, a patient’s diabetes
should be well controlled before surgery. The surgeon should assess for an
Achilles tendon contracture and, if necessary, should lengthen the tendon
during the index surgery to avoid equinus positioning of the stump.6,9,20,26
Careful attention should be given to the metatarsal cuts to maintain a
balanced cascade because the tarsometatarsal joint is more proximal as it
progresses from medial to lateral. A poorly resected cascade is the leading
cause of wound complications after transmetatarsal amputation.5 A
relatively long plantar flap is key to the soft-tissue closure.5,22

Surgical Technique
The initial, dorsal transverse skin incision extends from the midshaft level
of the first metatarsal to the midshaft of the fifth metatarsal.7,10 A
longitudinal incision is made from the medial aspect of the dorsal skin
incision down to the level of the first metatarsal head and laterally from
the dorsal skin incision down to the level of the fifth metatarsal head. A
plantar transverse skin incision is made along the metatarsal heads to
complete the skin incisions. The dissection continues sharply through the
subcutaneous tissue and intrinsic muscles deep to the skin incisions until
the metatarsals are encountered. Vascular structures such as the dorsalis

pedis and branches of the posterior tibial artery are identified and ligated.
Neurologic structures, including the superficial and deep peroneal nerves
and branches of the tibial nerve, are transected sharply with a scalpel after
applying gentle traction, and they are allowed to retract proximally.7,22
Flexor and extensor tendons also are transected and allowed to retract
(Figure 3, A). It is important to maintain the insertions of the anterior
tibial tendon, peroneus longus, and peroneus brevis to preserve foot
balance for ambulation.

Figure

3

Photographs showing a transmetatarsal
amputation. A, The transverse incision is made at the
midmetatarsal level. Extensor tendons have been transected
and allowed to retract. B, A small oscillating saw is used to
transect the metatarsals at the level of the dorsal skin incision.
Cuts are made in a dorsal-distal to plantar-proximal direction.
C, The plantar flap. D, The skin closure.

The metatarsals are resected following a gentle cascade, using a small
oscillating saw at the level of the dorsal skin incision (Figure 3, B). The
distal end of each bone is cut at a 30° dorsal-distal to plantar-proximal
angle.6,22 The ends of each bone are smoothed with a rasp to remove any
sharp bony prominences that could cause skin ulceration.10 The wound is
thoroughly irrigated with sterile saline to remove any bone particles. If a
tourniquet is being used, it is deflated, and hemostasis is obtained by
cauterizing or ligating all bleeding vessels.
The plantar skin flap is debulked if necessary to allow adequate flap
coverage of the wound with no excess soft tissue.10,22 A small drain can
be placed into the distal aspect of the wound. The plantar flap is brought
up and over the ends of the remaining metatarsals (Figure 3, C). The deep
fascia is approximated using 0 absorbable suture. The subcutaneous
closure is done with 3-0 absorbable suture, and the skin is approximated
using 3-0 nylon suture or staples (Figure 3, D). If the foot cannot be
passively dorsiflexed past neutral, an Achilles tendon–lengthening
procedure should be done at this time to maintain the ankle in a neutral
dorsiflexion position.6,7,27 The limb is placed into a well-padded short leg
cast if an Achilles tendon–lengthening procedure was done. Otherwise, a
well-padded posterior splint will suffice. The patient is not allowed to bear
weight for approximately 3 to 4 weeks, until all wounds have completely
healed.

Tarsometatarsal (Lisfranc) Disarticulation
Outcome Considerations
The tarsometatarsal amputation first was described by Lisfranc de St.
Martin during the 1800s.10 This procedure is a disarticulation between the
tarsal and metatarsal bones.10,22 The primary indication for a Lisfranc
disarticulation is soft-tissue loss in the forefoot that precludes a successful
transmetatarsal amputation.6,20,28 The patient must be ambulatory.
Decotiis27 recommended a more proximal amputation, such as at the
transtibial level, if the patient is nonambulatory at the time of surgery. The
lever arm resulting from a more proximal foot amputation is shorter than
that from a more distal foot amputation, and equinus contracture is
common because of inability to balance the overpull of the Achilles
tendon.6 For this reason, an Achilles tendon–lengthening procedure almost
always is necessary with a tarsometatarsal amputation.6,7,18,27 The base of

the fifth metatarsal should be left intact or shelled out subperiosteally and
advanced to the cuboid to preserve the peroneus brevis insertion. If the
insertion is resected, the foot will fall into equinovarus because of the
unopposed pull of the posterior tibial tendon. Soft-tissue balancing is the
key to preventing wound complications and contracture with a
tarsometatarsal amputation.

Surgical Technique
A transverse dorsal skin incision is made across the foot at the proximalthird level of the metatarsals.22 From the medial aspect of this incision, a
longitudinal incision is made down to the level of the first metatarsal neck.
Laterally, a longitudinal incision is made down to the fifth metatarsal neck.
A transverse plantar skin incision completes the superficial dissection at
the level of the metatarsal necks. As the dissection is carried deep through
the subcutaneous tissue, branches of the superficial and deep peroneal
nerves as well as sensory nerves are identified and transected sharply with
the scalpel after applying gentle traction. The dorsalis pedis is encountered
in the first intermetatarsal space and must be ligated, as are the medial and
lateral plantar arteries as they are encountered. Flexor and extensor
tendons are transected sharply after applying mild traction and are allowed
to retract proximally. At this point, the tarsometatarsal joints can be seen.
The disarticulation of the joints begins medially at the first tarsometatarsal
joint. The base of the second metatarsal is left intact to preserve the
Lisfranc joint.6,17 A small oscillating saw is used to cut the second
metatarsal flush with the medial and lateral cuneiforms.22,29 The third and
fourth metatarsals are disarticulated from the lateral cuneiform and cuboid,
respectively. When the fifth metatarsal is encountered, a small oscillating
saw is used to cut through the metaphysis, distal to the peroneus brevis
insertion. Alternatively, a subperiosteal dissection of the fifth metatarsal
base can be done, with complete removal of the metatarsal, followed by
advancement of the periosteum with peroneus brevis insertion to the
cuboid.6 All bony prominences are smoothed down with a rasp or rongeur.
The tourniquet is released, and meticulous hemostasis is obtained. A small
drain can be placed into the deep aspect of the wound. The deep fascial
layers are approximated using 0 absorbable suture; 3-0 absorbable suture is
used on the subcutaneous tissues, and 3-0 nylon suture or staples are used
for skin closure. An Achilles tendon–lengthening procedure is done in
almost all procedures because of the high risk of equinus contracture, even

if dorsiflexion past neutral can be obtained in the operating room.6,7,27 A
well-padded posterior splint or short leg cast is placed onto the limb.
Casting is recommended for any patient with a foot-based amputation who
also undergoes an Achilles tendon–lengthening procedure.

Hindfoot-Level Amputations
Transtarsal (Chopart) Disarticulation
Outcome Considerations
The Chopart disarticulation, first described in 1792, is a disarticulation of
the talonavicular and the calcaneocuboid joints.4,6 This salvage procedure
is indicated if the condition of the soft tissues does not allow a more distal
resection but a weight-bearing residual limb is desirable.6 An extremely
active patient may not tolerate a Chopart disarticulation because of the
decrease in push-off power and stability.28 This procedure nonetheless is a
reasonable option, especially in patients with diabetes, patients who have
minimal ambulation but would benefit from having a stable limb for
standing during transfers, and patients who have limited access to
prostheses.6,9,20 Brown et al4 found that the mortality rate for a transtarsal
amputation was similar to that for a transtibial amputation but that the
transtarsal amputation had better functional results. Krause et al30 found
that patients had better function after a transtarsal amputation than after a
Syme disarticulation or transtibial amputation because ankle motion and
limb length were maintained, leading to better sensory perception and a
larger weight-bearing surface.
The Chopart disarticulation does not change the overall leg length, and
it can be a better option than a more proximal amputation in a correctly
selected patient.31 After a transtarsal amputation, patients were found to
have a normal gait while wearing appropriate braces.3 The key to a
successful outcome is correct soft-tissue balancing, which will avoid the
most common equinovarus deformity.8 Anterior tibial and peroneal
insertions must be preserved, most commonly by reattachment through
drill holes in the neck of the talus.8 The peroneus longus tendon
alternatively can be transferred to the cuboid, or a tenotomy of the
posterior tibial tendon can be performed to balance its pull.9 Achilles
tendon lengthening also is recommended to allow adequate dorsiflexion
and prevent contracture that would lead to wound-healing

difficulty.6,8,10,28,31
Surgical Technique
A transverse dorsal skin incision is begun medially at the level of the
navicular tuberosity and continued laterally to a point halfway between the
base of the fifth metatarsal and the lateral malleolus.7,20,27 Medial and
lateral longitudinal incisions are made along the first and fifth metatarsal
shafts, respectively.22 At the midshaft metatarsal level, a transverse skin
incision is made across the plantar aspect of the foot.6,7,22,27 All major
branches of nerves are transected, and all major arteries are ligated. Flexor
and extensor tendons are transected and allowed to retract. The posterior
tibial, anterior tibial, and peroneus brevis tendons are carefully dissected
and preserved for later attachment. At this point, the talonavicular and
calcaneocuboid joints are identified. Circumferential capsulotomies are
done at each joint to allow disarticulation. The talus and calcaneus are left
intact with the hindfoot.6,22 A prominent dorsal talar head or anterior
process of the calcaneus can be smoothed down with a rasp or rongeur.
The articular cartilage is removed from the distal talus and calcaneus to
improve the soft-tissue flap adherence.10,27 Tendon transfers are
completed to balance the soft tissues of the residual limb. The anterior
tibial tendon is anchored through an oblique drill hole in the talar neck,
from dorsolateral to plantarmedial.22 The posterior tibial tendon can be
allowed to retract proximally or alternatively can be transferred to the
dorsum of the foot to augment dorsiflexion. For the transfer, the posterior
tibial tendon is routed through the interosseous membrane to the dorsal
talar neck and secured with a suture anchor or through a drill hole. The
peroneus brevis is transferred to the remaining anterior process of the
calcaneus.7,10,27 Transferring the posterior and anterior tibial tendons and
the peroneus brevis tendons not only augments dorsiflexion but also helps
resist the pull of the hindfoot into equinus and can prevent
contracture.7,10,22,27 The plantar flap is brought up over the bony
prominences, and the deep fascia is approximated with a 0 absorbable
suture. A small drain can be placed into the deep wound if desired. The
subcutaneous layer is closed with 3-0 absorbable suture, and 3-0 nylon
suture or staples are used to approximate the skin.10,22 The limb is placed
into a well-padded cast if an Achilles tendon–lengthening procedure was
done or otherwise into a posterior splint in as much dorsiflexion as
possible.22

Transcalcaneal (Boyd) Amputation
Outcome Considerations
Transcalcaneal amputations first were described in 1939 to encompass a
talectomy with a primary tibiocalcaneal arthrodesis.32 This amputation is
considered to be an alternative to the Syme ankle disarticulation and a last
resort for a length-preserving foot amputation before transtibial amputation
becomes necessary. Only patients who have the ability to be ambulatory
are appropriate candidates. The use of the weight-bearing residual limb
with almost its entire limb length remaining requires only a minimal
increase in energy expenditure compared with the use of a normal limb.32
Compared with a Syme disarticulation, a transcalcaneal amputation has the
disadvantages of relying on the tibiocalcaneal union and precluding the use
of an energy-storing prosthesis; its advantages include less heel pad
migration, decreased risk of equinus contracture, and greater leg length
with less widening at the distal residual limb.32,33 For these reasons, the
transcalcaneal amputation may be preferable to a Syme ankle
disarticulation for an ambulatory patient with limited access to modern
prostheses. The patient must be able to avoid weight bearing while
awaiting tibiocalcaneal fusion.
The Boyd and Pirogoff amputations are two types of transcalcaneal
amputations described in literature.33 Both procedures involve a talectomy
and rely on tibiocalcaneal fusion, but they differ in the calcaneal
osteotomy. The Pirogoff amputation uses a calcaneal osteotomy in the
coronal plane that retains the posterior aspect of the calcaneus, which is
rotated 90° to meet the distal tibia. The Boyd amputation involves a
horizontal osteotomy of the calcaneus that leaves the inferior aspect of the
calcaneus to meet the distal tibia.
Surgical Technique
A transverse dorsal skin incision is made at the level of the ankle joint.34
A transverse plantar incision is made at the distal aspect of the heel pad.
The incisions are connected medially and laterally approximately 1 cm
distal to the medial and lateral malleoli, respectively. All major blood
vessels are identified and ligated. With the foot in maximal plantar flexion,
dorsal nerves and extensor tendons are transected and allowed to retract
proximally. Flexor tendons are transected and allowed to retract. The
tibiotalar joint is carefully released anteriorly. The anterior talofibular

ligament is transected laterally, and the deltoid ligament is transected
medially. The posterior tibial artery and tibial nerve are protected and left
intact. A bone hook or skin rake can be used for pulling the talar dome
anteriorly to expose the posterior joint capsule and allow release. The talus
is excised after all talocalcaneal attachments have been removed. If
excision is difficult, an osteotome can be used to divide the talus into
smaller pieces for removal in more than one piece.32 An oscillating saw is
used to remove the distal tibial articular surface until cancellous bone is
seen.32,34 The oscillating saw also is used to remove the anterior process
and superior articular surface of the calcaneus. The calcaneus and tibia are
then approximated and provisionally held in place with Kirschner wires.34
Two partially threaded 6.5-mm cancellous screws are placed across the
tibiocalcaneal articulation from distal to proximal.32 The plantar flap is
brought anterior, and the deep fascial layers are approximated with 0
absorbable suture. A small drain can be placed into the deep aspect of the
wound if desired. The subcutaneous tissue is approximated using a 3-0
absorbable suture, and the skin is closed with 3-0 nylon suture or staples.
The limb is placed into a well-padded posterior splint.

Rehabilitation
In general, a benefit of a partial foot amputation at any level is the
decreased need for extensive postoperative rehabilitation. The patient is
left with a weight-bearing residual limb, and after fitting with the proper
prosthesis, orthosis, or modified shoe, the patient’s gait energy expenditure
is almost normal.3,32 Pinzur et al35 found a relatively linear increase in
metabolic demands with increasing amputation levels and concluded that
after amputation necessitated by peripheral vascular insufficiency,
functional walking capacity was related to the level of amputation.
It is important that the patient does not bear weight until all skin
incisions are fully healed and, after a Boyd amputation, until osseous
union has occurred.6,10,36 When the skin has healed, the patient can be
fitted for a molded foot orthosis or prosthesis.6,10,20 The goal of the device
is to allow ambulation with the smallest possible energy expenditure while
minimizing stress at the interface of the prosthesis and the residual
limb.20,31

Complications
Roukis et al36 identified several risk factors for unsuccessful partial
amputation, which were categorized as host factors, noncompliance, and
poor soft-tissue balancing. Most postoperative complications are related to
wound healing.6,7,9,36 Many patients who require an amputation have
diabetes or abnormal vascular flow and are at risk for wound-healing
complications. The risk increases if neuropathy is present and the patient
cannot feel friction-related pain at the end of the residual limb.6,7,9
Patient adherence to postoperative weight-bearing restrictions is a key
factor in preventing complications after a partial foot amputation. Usually
the patient must avoid weight bearing until the skin and soft tissues are
fully healed.10,36 After a transcalcaneal amputation, patients must not bear
weight until osseous union occurs at the tibiocalcaneal interface.32
Soft-tissue balancing is the key to surgical success at most levels of
partial foot amputation.6,7,10,22,27 Ray resections are the least difficult for
maintaining the balance of the foot, but as the amputation becomes more
proximal, tendon transfer and/or lengthening becomes more essential to
maintaining the balance of the foot. As the lever arm of the foot shortens,
it is more difficult for the foot to overcome the pull of the gastrocnemius
complex. If the foot remains in a plantarflexed position, the Achilles
tendon will tighten, and an equinus contracture will result. The equinus
contracture causes stress at the distal wound and interferes with incision
healing. If the skin incisions have healed, the equinus contracture can lead
to new areas of pressure ulceration. An equinovarus contracture of the foot
can result if the hindfoot balance is disturbed because of detachment of the
anterior tibial and peroneus brevis tendons with the posterior tibial tendon
left intact. The contracture not only limits the opportunity for a plantigrade
foot during weight bearing but also makes prosthesis or orthosis wear
difficult and leads to pressure ulcerations. The unfortunate consequence of
wound-healing complications, pressure ulcerations, and the resulting
infections or soft-tissue deficits is the need for a subsequent, more
proximal amputation that can cause the loss of independent ambulation.

Summary
Partial foot amputation is a reasonable alternative to a more proximal
transtibial amputation in appropriately selected patients. Patients for whom
a primary partial foot amputation is preferred to a more proximal

amputation usually are of relatively advanced age and have limited
ambulatory demands. Partial foot amputation preserves a weight-bearing
residual limb that minimizes the increase in energy expenditure, allows the
patient to maintain independent ambulation and overall function, and
decreases the risk of mortality. Preoperative evaluation of soft-tissue
involvement, limb perfusion, and medical comorbidities is essential.
Meticulous surgical technique in the creation of long plantar flaps and
soft-tissue balancing is essential. Postoperative attention to soft-tissue
healing as well as patient compliance and treatment by a knowledgeable
prosthetist also minimize the risk of complications.
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Prosthetic Management After
Partial Foot Amputation
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Abstract
Partial foot amputation is becoming more common despite high rates of skin
breakdown and the need for subsequent amputation surgery. A wide variety
of prosthetic, orthotic, and footwear interventions are available to minimize
complications and restore premorbid mobility and quality of life. As more
knowledge is gained on the effectiveness of these interventions, many longheld beliefs are becoming less certain. Further research is needed to
determine which interventions are the most effective for a particular patient
population.
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Introduction
The understanding of partial foot amputation (PFA) and the effects of
prosthetic and orthotic intervention have dramatically changed during the

past decade. Recent research suggests that the incidence of PFA increased
linearly from 2000 to 2010 and that, if current trends continue, the
incidence of PFA will triple during the first half of the 21st century.1
Unfortunately, only a few studies have reported detailed incidence data on
PFA, and further work is necessary to build confidence regarding current
trends and their generalizability to a global population.2-5 There is good
agreement that the incidence of transfemoral and transtibial amputation
declined during the same time period.1,2,5-9 The increased incidence of
PFA appears to be proportional to the decline in transtibial and
transfemoral amputations. Although the types of amputation procedures
have changed, the incidence of lower limb amputation has remained
steady.1 Public health initiatives do not appear to have led to a decreased
incidence of lower limb amputation, but improvements in
revascularization surgery, earlier assessment at specialized high-risk foot
clinics, and better management of diabetes at the community level may
have decreased the severity of vascular disease, making PFA a feasible
alternative to more proximal amputation.1,10-14
Approximately 75% of all PFAs affect the toes.1,2,9,15 In comparison,
there are few ray resections, transmetatarsal, tarsometatarsal (Lisfranc), or
transtarsal (Chopart) amputations (Figure 1). The proportion of PFAs
affecting only the toes may be surprising to prosthetists and orthotists, who
usually treat individuals with a more proximal amputation. Most
individuals with an amputation affecting only the toes probably receive
follow-up care through a high-risk foot clinic rather than a prostheticorthotic center.
Approximately 30% to 50% of patients with a PFA have a
complication such as dehiscence, ulceration, or failure of the wound to
heal.16-20 It is difficult to determine the amputation level that is most
likely to allow optimal healing, particularly in patients with serious
vascular compromise or a complex comorbidity such as end-stage renal
disease, hypertension, or diabetes.21,22 The longer-term challenges are to
manage progressive equinovarus contractures and moderate forefoot
plantar pressures that are high compared with the contralateral limb or
appropriately matched control subjects.23-29 As a result of such
complications, approximately one-third of patients with a PFA require a
secondary amputation on the same limb, regardless of the level of the
initial PFA.17,22,30-32 Rates of complications are not markedly different in
those with diabetes, which suggests that the presence of advanced systemic

disease is not the only influential factor.17,21,22
A wide variety of prostheses and orthoses is available to mitigate the
risk of complications and restore premorbid function.33-35 The types of
devices have changed little over time and include toe fillers, insoles,
silicone cosmetic prostheses, ankle-foot orthoses, and above-ankle
prostheses.
Recent research has challenged long-held views about the effectiveness
of current prostheses and orthoses.36 For example, a device can be used to
restore the effective foot length, but it is unclear whether normalizing gait
is important to reestablish the premorbid level of mobility.37,38 Little
information is available to determine the interventions most likely to
reduce rates of complications and reamputation or to improve quality of
life for individuals living with a PFA. Emerging research is guiding efforts
to understand how prosthetic and orthotic interventions can benefit
individuals with a PFA.

Figure

1

Schematic drawings showing partial foot
amputations at the most common levels. A, Amputation of the
fourth and fifth toes. B, Resection of the third, fourth, and fifth
metatarsals and toes (the rays). C, Disarticulation of all five
toes at the metatarsophalangeal joint. D, Transmetatarsal
amputation. E, Tarsometatarsal (Lisfranc) amputation. F,
Midtarsal (Chopart) amputation.

Prosthetic, Orthotic, and Footwear Interventions
A wide variety of custom prosthetic, orthotic, and footwear interventions
can be used to treat individuals with PFA.33-35,39 These can be
categorized as below-ankle or above-ankle interventions.24,34 Common
below-ankle interventions include toe fillers, insoles, and silicone cosmetic
prostheses; above-ankle interventions include ankle-foot orthoses and

above-ankle prostheses. Their use depends on the amputation level and the
treatment objectives. Interventions are chosen to fulfill specific treatment
goals, including making standing and walking more comfortable, restoring
premorbid mobility, cosmetic restoration, minimizing interface pressures
on the distal end of the residuum, preventing equinovarus contracture, or
reducing the risk of ulceration and skin breakdown.33,34,39 Devices can be
used in combination to achieve multiple treatment goals. For example, an
anterior-shell carbon-fiber ankle-foot orthosis can be used with an insole
and toe filler to restore effective foot length, normalize gait, and distribute
pressure away from the distal end of the residuum to provide protection
and improve comfort during standing and walking (Figure 2).
In general, an individual with a relatively proximal amputation requires
a correspondingly substantial device. An individual with a
metatarsophalangeal disarticulation might be provided with an insole
and/or toe filler (Figure 3), but someone with a Chopart amputation might
be provided with an above-ankle prosthesis that encloses the residuum and
leg in a solid laminated shell (Figure 4). An individual with a midfoot
amputation (a transmetatarsal amputation or ray resection) may receive a
variety of interventions, ranging from an insole to a silicone cosmetic
prosthesis or ankle-foot orthosis. The types of interventions provided to
individuals with a PFA vary by country and health jurisdiction depending
on the stipulations of funding bodies, the professional disciplines involved
in treatment, and the expertise and experience of the treating clinicians. In
Australia, the use of pedorthotics (custom or customized footwear) is less
common than in parts of the United States, Japan, and many European
countries, where the formal training and expertise of pedorthotists are
comparatively well recognized in healthcare practice.

Figure 2

Photograph of a ToeOFF BlueRocker (Allard)
ankle-foot orthosis combined with an ethylene vinyl acetate
insole.

Toe Fillers and Insoles
Toe fillers and insoles are commonly used for those with a distal forefoot
amputation such as a toe amputation, metatarsophalangeal disarticulation,
or ray resection (Figure 3). An individual with a transmetatarsal
amputation also may be provided an insole. Toe fillers are used alone or
attached to an insole to fill the cavity in normal-length footwear. Insoles
serve as a bed for the residuum and can be designed to maintain alignment
of the residuum and redistribute pressure away from the sensitive distal
end to minimize the likelihood of skin breakdown. Toe fillers and insoles
are designed to be worn with footwear. Because toe fillers and insoles do
not encompass the residuum, they rely on the shoe to maintain their
position with respect to the residuum. Extra-depth shoes or low-top boots
often are used to accommodate the orthosis and provide adequate
suspension.

Figure 3

Photograph of an insole and toe filler. An ethylene
vinyl acetate insole supports the hindfoot and arch. An opencell polyurethane foam protects the sensitive distal inferior end
of the residuum. The toe filler material is an expanded lowdensity closed-cell polyethylene foam.

Toe fillers and insoles often are made from a closed-cell foam, which
resists compression and thinning. Materials with different mechanical
properties can be incorporated, depending on the defined treatment goals.
For example, closed-cell polyethylene foam might be used under the heel
and arch to correct foot alignment, with a low-density material used to
protect the distal end of the residuum against shear forces. Some toe fillers
incorporate vertical cuts through the dorsum (as used in the Shape & Roll
prosthetic foot developed by Northwestern University)37,40 for the
purpose of reducing the stiffness of the filler and facilitating forefoot
bending during walking. Other devices take the opposite approach and
incorporate a carbon-fiber footplate to help prevent buckling of the
orthosis across the distal end of the residuum when loaded. Research has
not established the efficacy of either type of orthosis.

Figure 4

Photograph of a bivalved, above-ankle prosthesis
(a clamshell prosthesis) for a Chopart amputation residuum.
The socket material is a laminated glass-fiber composite. A
prosthetic foot has been bonded to the socket to replace the
lost forefoot. The bivalve socket allows donning, given the
bulbous distal end of the residual limb.

Silicone Cosmetic Prostheses
A silicone cosmetic prosthesis can provide a cosmetically acceptable
restoration of a partially amputated foot, usually when the amputation is at
or distal to the midfoot. It is possible to match the skin color, shape, and
alignment of the toes and nails to those of the contralateral limb (Figure
5). The design of the prosthesis depends on characteristics of the residuum.
For an individual with a transmetatarsal amputation, the prosthesis might
take the form of a slipper socket that encompasses the entire residuum. A
foot with resection of the medial two rays requires a distal opening to
allow the lateral toes to protrude through the end of the prosthesis.

Figure 5

Photographs of two silicone cosmetic prostheses.
A, A prosthesis for a transmetatarsal residuum, with matching
of skin color, hair, and nails. B, A prosthesis for a first and
second medial ray resection in which the third, fourth, and fifth
toes protrude through the opening at the distal end of the
prosthesis.

Silicone prostheses are made to intimately fit the residuum; they
require the use of a water-based lubricant and a shoehorn for donning. The
intimacy of fit provides suction suspension that allows the prosthesis to be
worn with open sandals. Although a silicone prosthesis can be worn
without shoes, the usual recommendation is to wear shoes, especially when
outdoors, to prolong the life of the prosthesis.

Ankle-Foot Orthoses
An ankle-foot orthosis encompasses all or a part of the foot and extends
proximal to the ankle. An ankle-foot orthosis is often provided after a
transmetatarsal or tarsometatarsal (Lisfranc) amputation (Figures 2 and 6).
Variations in materials, footplate lengths, trim lines, and articulation at the

ankle mean that ankle-foot orthoses with a similar appearance can serve
quite different mechanical functions and treatment goals. An ankle-foot
orthosis is often used in conjunction with other interventions to achieve
complex treatment goals. For example, an insole that distributes pressure
away from the sensitive distal end of the residuum can be used in
combination with an anterior-shell ankle-foot orthosis to control the
progression of the leg over the stance foot (Figure 2).

Figure 6

Photograph of a custom-made carbon-fiber anklefoot orthosis with an anterior leg shell, reinforced bilateral
uprights, and a full-length footplate.

Above-Ankle Prostheses
An above-ankle prosthesis is usually provided after a proximal forefoot
amputation such as a Chopart amputation. The device typically encloses
the residuum and leg segments in a rigid socket to eliminate ankle motion
(Figure 4). The narrow dimension of the leg just proximal to the ankle and
the relatively bulbous distal residuum often necessitate a bivalved socket
to facilitate donning. Other design variations include a medial opening
window or a built-up liner. The shape of the residuum and leg make it

relatively simple to achieve self-suspension of the prosthesis.
To replace the missing forefoot, a conventional prosthetic forefoot or
carbon-fiber footplate usually is bonded to the socket. These carbon-fiber
footplates are specifically designed for this purpose; that is, they are stiff
enough to support body weight and can be bonded to the socket without
failing under the large external moments applied during the late stance
phase of walking. The socket can be designed to distribute a portion of
body weight away from the residuum and onto the leg, as is often
necessary because the residuum has an inadequate surface area for
comfortable distribution of interface pressures.
Individuals with a PFA often do not like wearing an above-ankle
prosthesis. It is difficult to create a slim, cosmetically acceptable prosthesis
that can easily fit into conventional footwear.41 A socket design that
eliminates ankle motion may seem counterproductive to retention of the
anatomic ankle joint. Prosthetic design variations that allow ankle motion,
such as separate foot and leg shells with external ankle joints, allow the
range of motion of the anatomic ankle to be preserved.37

Effectiveness Research
Increasing interest in the effectiveness of interventions for individuals with
a PFA has led to research into the benefits and limitations of the available
devices. The research is best characterized as emerging. Most of the
studies are small in scale and simply describe what is observed when
patients use their own prosthesis or orthosis. The observational studies are
an important step toward experimental studies designed to compare the
effectiveness of different interventions.42 The current evidence on
interventions for individuals with a PFA is related to gait, balance, energy
expenditure, plantar pressure, community mobility, and quality of life.

Gait
Most research into function after PFA has focused on laboratory-based
measures of gait. Regardless of the cause of amputation, individuals with a
PFA have several well-characterized gait anomalies, including a reduced
center of pressure excursion beneath the residuum, reduced ankle power
on the amputated side, and increased power generation at either or both
hips.37,38,41-53 Individuals with a PFA secondary to diabetes or peripheral
vascular disease walk at approximately two-thirds the speed of their

healthy counterparts.42,48-52 This reduction in walking speed is not
observed in individuals who had a traumatic PFA.38,44,53 No marked
differences in walking speed have been observed among individuals with a
PFA at different levels or with different prosthetic and orthotic
interventions, but these studies were not specifically designed to answer
such questions, and further research is needed.42,44,54,55
Retention of the metatarsal heads appears to be essential to the use of
the ankle joint and calf musculature to generate ankle power during late
stance.44-47 If the metatarsal heads are compromised, power generation
across the ankle is negligible during gait, regardless of the length of the
residuum or the type of prosthetic or orthotic intervention.44,47,55-57 Lack
of power generation may serve as a useful adaptation to avoid pressure on
the distal end of the residuum or to reduce shear forces caused by ankle
plantar flexor contraction.44 Increased power generation at either or both
hips compensates for the lack of ankle power generation and contributes to
a gait pattern similar to that of individuals with a transtibial
amputation.36,42,58
Observational studies suggest that below-ankle devices, such as a toe
filler, an insole, or a slipper socket, do not normalize the center of pressure
excursion; instead, the center of pressure remains proximal to the end of
the residuum until weight is shifted to the unaffected limb at contralateral
heel contact.38,44 Devices that extend above the ankle, such as an aboveankle prosthesis or an ankle-foot orthosis designed to restrict dorsiflexion,
can normalize the center of pressure excursion.37,38,44 The ability of a
device to restore effective foot length is believed to require three design
features: a suitably stiff forefoot capable of supporting body mass, a socket
or an anterior leg shell capable of comfortably distributing to the leg and
remaining foot the interface pressures caused by loading the toe lever, and
a relatively stiff connection between the foot and leg segment to moderate
the moments caused by loading the toe lever.43 A rigid ankle, a free joint
with a dorsiflexion stop, or the type of stiffness inherent in a ToeOFF
BlueRocker (Allard) ankle-foot orthosis can be used to normalize the
center of pressure excursion.38,41,42

Balance
Few studies have analyzed balance in individuals with a PFA.41,59
Standing balance was reported to be more compromised in individuals
with a PFA than in those with diabetic neuropathy alone. Balance was

compromised to the same extent in individuals with a PFA, transtibial
amputation, and diabetic foot ulceration.59 This finding was based on an
assessment of anterior-posterior center of pressure excursion and was
attributed to loss of ankle control. No changes were observed in
mediolateral center of pressure excursion, which is primarily controlled by
the hip. Because the risk of falling increases with diabetic neuropathy, and
more so with PFA, balance training was recommended for individuals with
a PFA.59 Only one study has reported on the effect of prosthetic and
orthotic interventions on balance; no difference was found in dynamic
balance during walking with a below-ankle or an above-ankle device.41

Energy Expenditure
Classic research found a reduction in oxygen cost with progressively distal
levels of amputation.60,61 It often is assumed that walking with a PFA
requires less energy expenditure than walking with a lower limb
amputation performed at a higher level.17,32,62-64 The available evidence
does not support this assumption and instead suggests that energy
expenditure is similar in individuals with a transtibial amputation or a
PFA.48,54,65 This assertion is supported by the observation that, unlike
those with a hip disarticulation or a transfemoral amputation, individuals
with a transtibial amputation or a PFA have a similar gait pattern after the
metatarsal heads are compromised.36 Net oxygen cost is likely to be
similar in individuals with a transtibial amputation or a PFA if, as is the
case in others with a lower limb amputation, individuals with a PFA
modify their walking speed to keep the rate of oxygen uptake within
normal limits.36

Plantar Pressure Distribution
There is some indirect evidence that devices can redistribute pressure away
from the distal end of the residuum to other parts of the foot or leg.38,42
Pilot work suggested that total-contact insoles can reduce plantar pressure
in individuals with diabetes who have a first ray amputation.66 However,
no evidence exists to recommend any particular pressure reduction
technique for individuals with a PFA.41,42 This limitation is important
because of the high rate of complications in individuals with a PFA.36 No
studies have determined whether prosthetic and orthotic interventions are
effective in minimizing rates of complications, surgical revision, or more

proximal amputation. Factors such as systemic health, vascular supply, and
diabetes control may be more important for minimizing the risk of
complications than the choice of devices. In the future, it may be possible
to design devices that can mitigate the risk of complications.

Community Mobility
The extent to which normalizing gait, balance, energy expenditure, and
plantar pressure are important to individuals with a PFA remains unclear.
Achieving independent community mobility may be more important.
Walking speed often is used as a marker of functional mobility, although it
appears to be comparable in individuals with different levels of PFA or
transtibial amputation.36 A study of patients undergoing lower limb
amputation secondary to peripheral artery disease or diabetes found that
while ambulation improved after surgery, it did not return to premorbid
levels after 12 months.67,68 This finding was similar in individuals with a
PFA or transtibial amputation.

Quality of Life
Because few studies have formally evaluated quality of life, insights into
the experience of living with a PFA are limited.36,69 Many individuals
believe that quality of life is improved by PFA compared with transtibial
amputation because it is easier and safer to ambulate short distances
without using a prosthesis (as when going to the toilet at night).18,20,65 It
is not clear whether living without pain or being able to participate in
recreational activities has a more profound influence on quality of life than
being able to walk short distances without a prosthesis.69 The available
descriptive data suggest that quality of life is comparable in individuals
with a PFA or a transtibial amputation, and this finding has been
corroborated by a comparison of quality of life in those with vascular
disease and a PFA or transtibial amputation.69-72 This research suggested
that quality of life is substantially influenced by age, the number of years
living with diabetes, and the presence of complications such as
retinopathy, but that amputation level does not affect quality of life.69

Clinical Implications
Many long-held beliefs are being questioned with increasing knowledge of
PFA and the influence of prosthetic and orthotic interventions. For

example, PFA has long been preferred to a more proximal amputation
because it was believed that outcomes were better.20,22,73 The emerging
evidence suggests that individuals with a PFA or transtibial amputation
have a similar gait pattern, energy expenditure, mobility, and quality of
life, but that PFA leads to much higher rates of serious complications,
surgical revision, and more proximal secondary amputation.36,58
Innovative prosthetic and orthotic interventions are needed to improve
device effectiveness and address issues important to individuals with a
PFA. This is exemplified in a case study of PFA after traumatic injury that
suggests that the use of a nonarticulated above-ankle prosthesis with
vacuum-assisted suspension is a viable means of improving comfort,
function, and residual limb health.74
Despite increasing understanding of how aspects of gait can be
affected by interventions, it is not known whether normalizing gait is
important for community mobility, participation in recreational or
vocational pursuits, or restoration of premorbid quality of life. Similarly,
the ability of prosthetic and orthotic interventions to reduce the high rates
of complications and reamputation is not known. Future research efforts
should focus on defining the most important outcomes and the extent to
which prosthetic and orthotic interventions are effective in achieving those
outcomes. For example, if minimizing the risk of complications and
secondary amputation is found to be of primary importance to individuals
living with a PFA, it will be important to determine which devices are
effective at accomplishing these treatment goals.
Minimizing the high rates of complications and secondary amputation
can be considered particularly important from personal health and
economic perspectives. Individuals with a PFA describe a more persistent,
pervasive fear of further amputation than those living with more proximal
levels of limb loss.75 This experience is believed to contribute to the
depression and anxiety reported by individuals with a PFA.75 From an
economic perspective, the burden of PFA is staggering. Approximately
50% of all PFAs do not heal, and efforts to achieve wound healing after a
PFA occur over many months, with costs in the United States from
$27,000 to $36,000 per person.17,76,77 In the United States, the total
annual cost of wound care after PFA is estimated to exceed $600 million,
based on an incidence of 20 per 100,000 individuals and a modest
complication rate consistent with the proportion of individuals requiring
secondary amputation.31,78 If the cost of secondary amputation surgery is

included in the estimate, the total annual cost exceeds $1 billion.79

Summary
As more is learned about PFA and the effects of current prosthetic and
orthotic interventions, gaps in knowledge are being identified and used to
guide additional research. A better understanding of the needs of
individuals living with a PFA will lead to innovations and research to
ensure that interventions effectively meet those needs.
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Abstract
Ankle disarticulation has declined in favor because of improvements in
transtibial prostheses and concerns about wound healing complications in
more distal lower limb amputation. However, ankle disarticulations and
Pirogoff and Boyd amputations remain practical options for some patients.
Careful screening and medical optimization of the patient before surgery
may reduce the rate of early complications. These types of distal lower limb
amputations offer the advantages of end weight bearing and decreased
metabolic demand during ambulation.
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Introduction
With recent advancements in transtibial prostheses and concern for wound
healing with more distal amputations, ankle disarticulation has declined in
favor but still remains a viable option in select patients. An ankle

disarticulation is commonly referred to as a Syme disarticulation because
James Syme is credited with first describing this procedure in 1843.1,2
Transtibial amputations account for nearly 25% of all lower limb
amputations, whereas only 10% of all lower limb amputations are
performed about the foot and ankle.3
At the time Syme described his novel ankle disarticulation, he noted
less risk to life, a more comfortable residual limb, and a limb that would be
more “seemly and useful for progressive motion” as advantages of the
procedure.4 These claims remain largely unchallenged. The mortality rate
with ankle disarticulation has been reported as 33% at 5 years compared
with 33% at 2 years with transtibial amputation.5 Some physicians have
attributed the lower mortality rate to decreased blood loss and the ability to
perform the procedure under regional anesthesia rather than the decreased
severity of the peripheral, and thus likely central, vascular disease that may
make the procedure an option in patients with vasculopathy.6 The
advantages of a lower mortality rate must be tempered by the high failure
rate of ankle disarticulation, with revision rates ranging from 20% to
50%.7
The Syme ankle disarticulation may offer the patient more comfortable
weight bearing because the heel pad is preserved. The heel pad contains fat
cells enclosed by dense fibrous septa, which allow direct weight bearing.
The preservation of the heel pad affords end weight bearing without a
prosthesis.1,3-5 Although the ability to bear direct weight without a
prosthesis is a substantial advantage, it is important to realize that the
weight is absorbed by a single bony surface compared with an entire foot
consisting of joints and surrounding musculature that are specialized to
bear weight and adapt to uneven surfaces. For these reasons, weight
bearing without a prosthesis is typically limited to very short distances.2,8
However, the ability for end weight bearing is very important in prosthetic
design. The Syme disarticulation allows sockets to function in suspension,
whereas transtibial sockets bear weight by indirect load transfer and
require revision to prevent skin breakdown if volume changes occur in the
residual limb.2 Syme sockets also typically do not involve the knee and are
less prone to popliteal impingement with knee flexion.
Syme’s claim that the disarticulation resulted in a more cosmetically
pleasing limb would be disputed by many physicians and patients because
the residual limb tends to be bulbous, and early prostheses were considered
unsightly.9 The malleoli are trimmed to help decrease the size of the

residuum, both for cosmetic reasons as well as to facilitate prosthetic
fitting.8 Nonetheless, this amputation is more useful for locomotion
because of the increased mechanical efficiency, which leads to a decreased
metabolic ambulatory cost. The mechanical benefit is a result of a fulllength prosthetic foot that provides a normal lever arm for push-off. The
use of a prosthetic foot with energy storage and return can further improve
gait and walking speed while decreasing metabolic demand.2,10 The
decrease in energy expenditure for ambulation is particularly advantageous
in individuals with diabetes because they generally have poorer baseline
health and would be less likely to ambulate with a transtibial prosthesis.3

Figure 1

A, Intraoperative photograph of the lower limb of a
patient who sustained severe injury from an explosion. The soft
tissue surrounding the midfoot was severely compromised and
ultimately nonviable, precluding salvage. Large soft-tissue and
skin defects over the mid and proximal tibia prevented a
primary transtibial amputation. To preserve optimal length of
the residual limb and provide stable soft-tissue coverage, a
Syme disarticulation was planned. A, The distal fish-mouth
incision with removal of the talus and calcaneus has been
performed at this stage. Preoperative radiographic views of the
tibia (B) and the forefoot (C) show segmental comminution and
multiple fractures and dislocations.

Indications
The indications for ankle disarticulation are trauma, nonhealing diabetic
and/or dysvascular ulcers, Charcot arthropathy, crush injury, frostbite,
congenital malformations, and diabetic infection (the most common
indication). Approximately 7% of the US population has diabetes, and this
population has a tenfold increased incidence of amputation. Individuals

with diabetes account for more than two-thirds of all lower limb
amputations. Because a preserved heel pad with adequate blood flow is a
prerequisite for ankle disarticulation regardless of the etiology, the only
absolute contraindication to this procedure is a compromised heel pad,
which may be the result of inadequate blood flow, infection, or soft-tissue
loss.1,5
Candidates for ankle disarticulation often have decreased perfusion. A
major challenge is determining which patients have enough arterial flow to
allow healing of an amputation at such a distal level. Because many of
these patients lack a palpable posterior tibial pulse, the ankle-brachial
index can be measured. Typically, an ankle-brachial index of 0.5 or higher
indicates adequate blood flow; however, patients with diabetes often have
calcified arteries that may falsely elevate this measure.1,3 Systolic toe
pressures are less affected by arterial calcification and are an alternative
noninvasive measurement to assess perfusion and wound healing
capability, with values less than 30 mm Hg indicative of critical
ischemia.11 Another perhaps more accurate measurement of perfusion is
the transcutaneous partial pressure of oxygen, with values between 20 and
30 mm Hg indicative of adequate perfusion necessary for tissue healing.1,3
Other laboratory tests that have been used to help predict tissue healing
capacity include a serum albumin level of at least 2.5 g/dL and a total
lymphocyte count of greater than 1,500 mm3. Although healing rates as
low as 50% have been reported, studies have shown that when all the
aforementioned criteria are met, healing rates can be as high as 88%.12,13
If concerns about blood flow persist, consultation with a vascular surgeon
is warranted, with options to include angioplasty or even arterial bypass
surgery to increase perfusion and facilitate limb salvage at the more distal
amputation level (Figure 1).

Surgical Technique
For ankle disarticulation surgery, the patient is placed supine with a thigh
tourniquet. An anterior fish-mouth incision is made with the apices located
at the anterior midpoints of the malleoli and the distal plantar apex
reaching a few centimeters anterior to the tibia. The incision is carried
sharply to bone, although the peroneal and any saphenous nerve branches
should be cut under tension to allow retraction and prevent symptomatic
neuroma formation at the level of the incision. Subperiosteal dissection

and removal of the talus and calcaneus are then performed, with care not to
violate the posterior skin, the heel pad, or damage the posterior tibial
vasculature, which is essential for heel pad perfusion. Dissection can be
facilitated with the use of a large bone hook on the talus and
(subsequently) on the calcaneus to forcefully plantarflex the foot and
stretch the soft tissues.2,5,12 A traction bow also can be used with a pin
through the talus. This method offers an advantage over the use of a bone
hook because it does not require manual traction and may improve surgical
visualization.14

Figure 2

Intraoperative photographs of ankle disarticulation
surgery. Disarticulation can be performed sharply under a
tourniquet. A, Incision of skin and fascia is carried straight
through to the capsule. Major vessels are ligated with suture
ties. B, Traction neurectomy of major identified nerves is
performed while the talus is disarticulated and calcaneus
removed. C, The final disarticulated foot. D, Soft-tissue
coverage is planned with the talus and calcaneus removed.
Tibial articular cartilage can be seen at the distal end. The
lateral malleolus is seen here but will be resected to provide an
even surface for weight bearing. E, The proposed position of
closure allows a viable fat pad of the heel to provide a
cushioned surface. F, The skin is closed and suction drains are

placed. G, The lower leg after skin closure demonstrating a
large lateral soft-tissue wound.

The malleolar flares are then removed at the level of the tibial articular
surface and are beveled and smoothed medially and laterally. This narrows
the residual limb, making it less bulbous and more cosmetically pleasing,
and it also provides a broad surface of metaphyseal bone for soft-tissue
adherence, which helps in securing the flap.8 The heel pad is then secured
to the anterior tibia through drill holes to help prevent heel pad migration.
Securing the Achilles tendon to the posterior tibia with tenodesis through
drill holes to help secure the heel pad in place and negate the posterior and
proximal pull of the triceps surae is also advocated.15 Additional
techniques to prevent heel pad migration, particularly varus migration,
include tenodesis of the peroneal tendons to the lateral heel pad or securing
the lateral band of the plantar fascia to the lateral aspect of the
tibia.2,6,12,16 Suction drains are optional before closure and the application
of gentle compressive dressings and a cast. Interval casting is continued
until the wound is healed and the residual limb volume has stabilized
(Figure 2). At this point, the patient can be fitted with an initial
prosthesis.2,12 As a method to assess flap viability and minimize infection,
Wagner17 described a two-stage technique in which the malleolus was
resected in the first stage, and skin closure was performed in a second
surgical procedure. However, this technique has largely been replaced with
a single-stage procedure in which bony resection and skin closure are
performed in one setting. Healing rates are similar between the one- and
two-stage procedures, and the morbidity associated with a second
procedure is avoided.18

Outcomes
Historically, outcomes after ankle disarticulation were poor, particularly in
patients with diabetes. Failure often required revision within the first year
in 20% to 50% of patients.7 More recent data indicate more promising
outcomes. A retrospective review by Pinzur et al12 reported a 90% success
rate after Syme ankle disarticulation in patients with diabetes. These
improved outcomes are likely the result of careful patient selection,
ensuring adequate arterial blood flow, and imposing sufficient nutrition
parameters before surgery.

The most common early complication is delayed wound healing or
infection, which occurs in approximately 25% of patients, but can usually
be managed with local wound care. Heel pad migration is the most
common late complication, occurring in approximately 30% of patients.
Rates of heel pad migration may be reduced by using the previously
described techniques.2,12
Ankle disarticulation affords several advantages over amputation at
higher levels, including earlier weight bearing; minimal prosthetic gait
training; improved gait velocity, cadence, and stride length; and less
energy expenditure and cardiovascular demand with ambulation. These
patients also have a decreased 5-year mortality rate compared with those
treated with a transtibial or a transfemoral amputation.3,13 A Syme ankle
disarticulation also permits end weight bearing without a prosthesis.
Although this allows ambulation for short distances only, as many as 70%
of patients with a Syme disarticulation are able to use end weight bearing
at home7 (Figure 3).

Figure 3

A, Immediate postoperative AP radiograph of the
lower limb after a Syme ankle disarticulation. B, Follow-up
radiograph taken 3 months after surgery shows healing of the
residual limb. Additional procedures during the Syme ankle
disarticulation included fibulectomy, proximal tibiofibular
fixation, and retrograde intramedullary nailing. The patient
progressed to weight bearing with a prosthetic shoe.

Alternative Hindfoot Amputations

The previously described methods of ankle disarticulation refer to a softtissue procedure. In procedures such as Boyd or Pirogoff amputations,
calcaneal bone stock is retained and fused to the distal tibial. These
procedures provide several advantages over ankle disarticulation without
osteoplasty. Preservation of calcaneal bone retains greater limb length and
prevents subluxation of the heel pad if osseous union is obtained.19 In lowdemand patients, maintenance of limb length and heel pad preservation
allows for the use of very rudimentary prostheses. A limitation of these
methods is that the already limited space for advanced prosthetic ankle
components or running legs is substantially reduced.
The technique used in the osteoplasty modification is only slightly
different from the traditional Syme ankle disarticulation. In the Boyd
amputation, the talus and anterior calcaneus are removed, as well as the
calcaneal surface of the subtalar joint. Tibiofibular and tibiocalcaneal
fusion is then performed.20 In the Pirogoff amputation, the anterior twothirds of the calcaneus is excised and the residual calcaneal fragment, with
the Achilles tendon attached, is rotated and fixed distally to the tibia.
Calcaneal rotation allows the preservation of limb length.19,21 Fixation of
the bone and heel pad fragment has been described using several
modalities, including Ilizarov-type frames and internal fixation with
compression screws placed in a crossed configuration.22
Indications for use of a Boyd or Pirogoff amputation are the same as
for the Syme ankle disarticulation; however, they require healthy osseous
and soft tissue at the calcaneus. Clinical results are dependent on union of
the calcaneal and tibial fragments. Outcomes after a Boyd or a Pirogoff
amputation have poorer rates of union and healing in patients with
vascular disease and diabetes than those performed in patients with a
traumatic injury. A thorough assessment of the overall clinical status of a
patient being considered for a Pirogoff or Boyd amputation is
recommended.19
Postoperative care is the same as that given for patients treated with a
Syme ankle disarticulation, but the patient can be fitted with an “elephant
boot” to allow distal weight bearing with minimal loss of limb length. In
areas where more sophisticated ankle-foot prostheses are not available,
Pirogoff and Boyd amputation techniques provide a viable alternative
treatment.

Summary
Ankle disarticulation and Pirogoff and Boyd amputations remain viable
options for lower limb amputation. Early complications can be mitigated
with careful screening and medical optimization of the patient before
surgery. The advantages of end weight bearing and the decreased
metabolic demand of ambulation cannot be overstated in a patient
population that often has many medical comorbidities and little functional
reserve.
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Abstract
A Syme ankle disarticulation is arguably the most functional amputation
level in the lower limb. The procedure typically allows for an optimal gait
pattern because of the preservation of a long residual limb and good muscle
strength in the hip and knee proximal to the amputation. However, prosthetic
fittings can be challenging because of the long and bulbous shape of the
residual limb, which can result in less than optimal cosmesis and limitations
on options for prosthetic componentry and feet.
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Introduction
An amputation through the ankle joint was originally described by Syme1
in 1843. Although his initial surgical technique has undergone changes and
refinements over time, it remains an ankle disarticulation in which the
distal heel tissue is reattached to the limb to allow direct weight bearing
through its distal end (Figure 1). Although an ankle disarticulation is
arguably the most functional amputation level;2 only 5% of patients
treated by certified prosthetists in the United States have undergone a

Syme ankle disarticulation.3 These divergent observations are the result of
the striking advantages and disadvantages associated with this amputation
level. The inherent advantages include full distal weight bearing, a long
lever arm, anatomic suspension, and minimal disturbance to growth plates.
The disadvantages are the difficulty in creating a cosmetically acceptable
prosthesis and the reduced space available for modern prosthetic foot
options. This chapter reviews the anticipated outcomes associated with a
Syme ankle disarticulation along with its inherent advantages and
disadvantages. Variations in socket and suspension designs as well as
component considerations are discussed.

Anticipated Outcomes
Ankle disarticulation is indicated for several different adult patient
populations: those with vascular compromise, diabetes mellitus with
gangrenous tissue, severe Charcot foot arthropathy, nonhealing
dysvascular ulcers, severe diabetic ulcers, trauma, crush injuries, severe
frostbite, and malignancy.4,5 The expected outcomes associated with this
disarticulation level vary with the underlying etiology and overall health
and well-being of the patient.
Siev-Ner et al5 reported on the results of ankle disarticulations in 70
patients. The procedure was performed in 51 of the patients because of
diabetic vascular disease. A successful outcome was defined as one in
which revision amputation was not needed in the first year postoperatively
and the patient received a prosthesis and completed prosthetic gait
training. Using these criteria, success rates of 94% were reported for the 19
patients without vascular disease and 49% for those with vascular disease.
Further classification based on age in those with vascular disease showed
the success rate was 68% for patients younger than 65 years, 31% for those
65 to 69 years, and 14% for those older than 70 years.

Figure 1

Photograph of the limb of a patient after a right
ankle disarticulation.

Yu et al4 reported on a cohort of mixed etiology, including Charcot
arthropathy, osteomyelitis, crush injury, and elective amputation of severe
clubfoot. Nine of 10 patients achieved ambulation with a prosthesis by 4 to
6 months after a Syme ankle disarticulation, and 7 patients reported
improved quality of life and return to activities of daily living.
In a retrospective study of patients treated with a Syme ankle
disarticulation, Pinzur et al6 evaluated 97 patients with diabetes mellitus
with a mean age of 53 years and at least 2 years of follow-up. Of 82
patients whose wounds healed, 80 were able to use a prosthesis, a higher
rate than that generally observed among patients with diabetes who have
more proximal amputations. Of these, 50% were classified as household
walkers and 50% as community walkers.
Frykberg et al7 reported on a cohort of 26 patients who underwent a
Syme ankle disarticulation. Prior to surgery, these patients had an infection
and/or substantial peripheral arterial disease and 92% had diabetes. Even
with prior recommendation for transtibial or transfemoral amputation in all
patients and a high rate of postoperative complications, including
dehiscence, recurrent osteomyelitis, infection, and pressure ulcers, 65% of
the patients successfully attained initial ambulation with a prosthesis.
However, several of the patients required more proximal amputations at a
mean of 28 weeks after the ankle disarticulation because of progressive
sepsis or recurrent ulcers. Ultimately, 46% of the patients were functioning
well with an ankle disarticulation prosthesis approximately 1 year
postoperatively. The preoperative patient criteria were less strict than in
other published standards and may have resulted in the comparatively high
failure rate, but several patients who would have been excluded using
stricter criteria went on to ambulate successfully with a prosthesis after
ankle disarticulation. Thus, the success of prosthetic ambulation after
ankle disarticulation varies, depending on the causative etiology and other
medical considerations. Traumatic amputees appear to do quite well,
whereas the success of amputees with vascular comorbidities is more
varied.

Clinical Considerations
A few unique clinical considerations differentiate ankle disarticulation
from the more common transtibial amputation. These include the defined
benefits and drawbacks of the associated shape and length of the residual

limb, the preservation of the distal heel pad with the associated ability to
bear weight distally, and the cosmetic challenges associated with the
disarticulation prosthesis.

Residual Limb Shape and Length
After ankle disarticulation, the residual limb is characterized by an often
pronounced bulbous contour secondary to the shape of the distal tibia and
fibula. In addition, the heel pad is spared from the ablated foot during
surgery and reattached distal to the tibia and fibula. Proponents of ankle
disarticulation cite several associated benefits to this characteristic limb
shape and length. Because of the absence of any transected long bones,
coupled with the preservation of the heel pad of the foot, the residual limb
often has the potential to provide distal end bearing with increased
proprioception following ankle disarticulation. In addition, by preserving
the entire length of the tibia and fibula, one of the most important and
unique advantages of ankle disarticulation is that it permits limited
ambulation without a prosthesis, albeit with a considerable limb-length
discrepancy. Although this limb-length discrepancy and the stability of the
distal heel pad preclude ambulation over extended distances, limited direct
end bearing can be useful for short-distance ambulation in the home (for
example, for a nightly bathroom visit) or at a swimming pool. In addition,
the extended length of the residual limb after ankle disarticulation provides
a long lever arm for control of a prosthesis. When the position or stability
of the distal heel pad is compromised and distal weight bearing is poorly
tolerated, the extended length of the residual limb also provides a large
surface area over which proximal weight-bearing forces can be distributed.
The bulbous shape of the ankle disarticulation also provides the ability to
self-suspend the prosthesis.
These benefits notwithstanding, several clear disadvantages are
associated with the prosthetic management of a patient after an ankle
disarticulation. The extended length of the residual limb can limit
prosthetic component options. In an adult treated with ankle
disarticulation, the available space is inadequate to fit a higher profile
prosthetic foot capable of energy storage and return and shock absorption.
Similarly, space is limited for modular components that can be used in
more proximal limb prostheses for alignment adjustability. Providing a
cosmetically acceptable ankle disarticulation prosthesis can be
challenging, especially for an individual with a more bulbous residual

limb.

Heel Pad
The heel pad is optimally positioned in line with the long bones of the
lower leg to provide a physiologic cushion at the distal end of the residual
limb. Depending on the surgical procedure used, the heel pad can become
unstable, migrating from the preferred position. If a displaced heel pad
remains mobile, a well-fitted prosthesis can maintain its position at the
distal aspect of the limb. The integrity and stability of the heel pad largely
affect the patient’s ability to bear weight through the distal aspect of the
limb. For individuals who are unable to tolerate full distal weight bearing,
the principles of transtibial prosthetic management can be used to provide
proximal load-bearing surfaces in the ankle disarticulation prosthesis.

Cosmesis
Depending on the width of the residual malleoli and the socket type used,
obtaining acceptable cosmesis for the ankle disarticulation prosthesis can
be challenging. The wall thickness of the socket itself and any additional
interfaces augment the bulkiness of the prosthesis (Figure 2). This is
especially noticeable at the distal aspect of the socket where it attaches to
the prosthetic foot. This additional bulk, combined with the common need
to align the foot in a relatively outset alignment, can make fitting the
prosthesis into certain shoe types difficult and result in aesthetic concerns
for the patient.

Primary Socket-Suspension Approaches
A well-fitted socket is a key component to a successful prosthetic
outcome. This begins with effective measurement of the limb’s shape and
volume, which is most commonly obtained by applying an external wrap
cast using plaster of Paris or synthetic fiberglass. Alternative measuring
techniques include alginate molding and digital scanning approaches. The
treating clinician’s intended socket design, the presence and characteristics
of any interface material used, and the patient’s ability to tolerate distal
weight bearing should be assessed and integrated into the treatment plan
before limb capture because each consideration affects the measuring
technique. An external wrap cast can be used in a weight-bearing, semi–
weight-bearing, or non–weight-bearing position according to the planned

distal socket shape. In addition, the clinician can preload certain areas of
the limb during the casting procedure if proximal weight bearing is
intended. Several socket-suspension design approaches are commonly
used in the prosthetic management of ankle disarticulations, including the
liner-based stovepipe socket, the medial window, the posterior window,
and the expandable wall socket.

Figure 2

Photograph of an ankle disarticulation prosthesis
shown with the unaffected limb. The bulbous nature of the
residual limb creates aesthetic challenges in prosthetic design.

Stovepipe Socket
The aptly named stovepipe socket relies on a custom-designed flexible
interface to fill the space between the characteristic contours of the
residual limb and an outer rigid socket of generally uniform diameter
across its length (the stovepipe shape) (Figure 3). Both historically and in
current practice, this interface is commonly composed of medium-density
foam. Constructed over a positive model of the residual limb, the thinnest
wall of the liner is over the distal bulbous aspect of the limb; its thickest
wall is in the comparatively narrow supramalleolar region. In such
systems, the patient dons the flexible foam liner over the residual limb,
relying on the compliance of the material to allow the distal end of the
limb through the hourglass-shaped inner contours of the liner. If necessary,
a vertical slit can be made along the posterior long axis of the liner to
allow additional foam displacement. A fitting sock is applied over the
liner, which allows air to wick out of the system as the rigid outer socket is

donned. The rigid outer socket prevents any distortion of the inner foam
liner, and an anatomic suspension is obtained over the malleoli of the
residual limb.8

Figure 3

Photograph of a stovepipe ankle disarticulation
prosthesis (on the right) with custom foam insert (center) and
the residual limb covered by a thin fitting sock (left).

In recent years, this concept has also been used with alternative liner
materials, including silicones and thermoplastic elastomers. Given the
comparative flexibility and tackiness of these elastic liners, they must be
rolled rather than pulled over the limb. A bonded external fabric cover or
external fitting sock is generally used to allow the outer socket to pass over
the exterior of the tacky liner material. Alternatively, a noncovered liner or
a covered liner treated with a hypobaric sealing ring can be used with a
socket that has a distal one-way expulsion valve to allow air removal from
the system (Figure 4). The tackiness of such systems can be briefly
overcome with liquid lubricating agents, allowing the limb to seat within
the socket. This creates an airtight seal of the liner against the inner socket
wall, providing both anatomic and suction suspension. Although

noncustom liners have been successfully used with this technique, custom
liners are often indicated to accommodate the unique contours of the
residual limb.

Figure 4

Photograph of an ankle disarticulation prosthesis
with a one-way air expulsion valve.

Medial Window Socket
The medial window socket design is another technique for obtaining
anatomic suspension (Figure 5). In this design, the rigid socket matches
the contours of the residual limb. However, to allow the distal ball of the
limb through the narrow channel in the supramalleolar region of the
socket, a medial opening is cut out, creating a removable custom panel.

The height of both the opening and accompanying panel is determined by
the width of the malleoli. The distal edge of the opening is located at the
apex of the medial contour of the ankle and extends proximally to the
point in the socket with a coronal width equal to that of the distal opening.
If the proximal height of the opening is inadequate, the residual limb will
not fit through the socket to the depth of the medial window and the
patient will be unable to don the prosthesis. After the limb is fully seated
into the socket, the medial panel is secured over the medial window to
provide anatomic suspension of the prosthesis over the malleoli.

Figure 5

Photographs of an ankle disarticulation prosthesis
with a medial window socket design. A, The window is
removed. B and C, The limb is inserted into the socket. D, The
window is replaced to secure anatomic suspension.

Posterior Window Socket
A posterior window socket design may be indicated in cases in which the
shape of the residual limb is characterized by a particularly large
differential between its smallest and largest circumference.8 In this
application, a large posterior cutout allows the passage of the distal end of
the limb in both the sagittal and coronal planes (Figure 6). The size of the
posterior cutout will compromise the strength of the prosthesis and its
resilience to forces in the sagittal plane. As a result, increased wall
thickness is often advised to increase the structural durability of the socket
system.

Figure 6

Photograph of prostheses with bilateral posterior
window sockets.

Expandable Wall Socket
Less commonly used, the expandable wall socket is similar to the
stovepipe design in that the outer socket is column-like and continuous,
with no holes or windows. However, instead of a custom-molded liner

interface, an internal air bladder permits the passage of the residual limb
into the socket and then conforms around the shape of the limb to maintain
anatomic suspension.8

Component and Alignment Considerations
In adult ankle disarticulations, little space remains for distal componentry.
The choice of a prosthetic foot is limited to low-profile designs (Figures 7
and 8). These designs limit the extent of energy storage and return.
Exceptions to this observation are found in adolescent and adult patients
who sustained their amputations in childhood and in whom a reduced
residual limb length progressively developed (Figure 9).
Alignment adjustability is also compromised by the available space at
this disarticulation level. Although the use of a conventional pyramid
adaptor is sometimes possible (Figure 7), in many instances, the socket
attaches directly to the foot with no endoskeletal adjustment adaptors.
Therefore, the dynamic alignment during the test socket phase is crucial in
managing the ankle disarticulation. As with partial foot amputations, it is
often necessary to outset the position of the prosthetic foot laterally to
provide adequate coronal stability (Figure 10). The lateral outset further
compromises both the aesthetics of the prosthesis and the ability to fit it
into certain shoe designs.

Figure 7

Photograph of a low-profile prosthetic foot that
allows adequate space to retain a pyramid adaptor for
alignment.

Gait
In 1976, Waters et al9 reported greater gait velocity, cadence, stride length,
and preserved function in individuals with ankle disarticulations compared
with those with transtibial and transfemoral amputations. Similarly, energy
expenditure and cardiovascular demand are reduced at the ankle
disarticulation level relative to more proximal amputation levels. Although
not proved in the laboratory, it is generally accepted that distal end-bearing
provides improved proprioception and thus, stability during gait.10
Patients generally require minimal prosthetic gait training after an ankle
disarticulation, reducing outpatient rehabilitation costs.5,7,10

Figure 8

Photograph of a low-profile ankle disarticulation
foot prosthesis.

Figure 9

Photograph of a high-profile, prosthetic foot that
allows energy storage and return. This type of prosthesis is
permitted by the limb-length discrepancy that commonly occurs
in patients who underwent ankle disarticulation as children.

Figure 10

Photograph shows lateral outset of a prosthetic
foot beneath the ankle disarticulation prosthetic socket.

Summary
The Syme ankle disarticulation is characterized by well-described

advantages and disadvantages. The ability to bear weight distally and
ambulate limited distances without a prosthesis are tempered by
limitations to prosthetic foot options and alignment considerations as well
as cosmetic finishing challenges. The expected outcomes associated with
this disarticulation level vary with the underlying etiology. Socket
suspension is often obtained anatomically, securing its purchase proximal
to the malleoli. This can be attained using several socket designs.
Component options are limited by the available space beneath the residual
limb, and alignment components are often excluded by this limitation.
Thus, dynamic alignment during the test socket phase of prosthetic fitting
is particularly important in individuals with an ankle disarticulation. After
appropriate alignment is obtained, patients usually walk with relatively
normal spatiotemporal parameters and energy costs. Gait training and
outpatient rehabilitation are generally minimal in this population.
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Chapter 41

Transtibial Amputation:
Surgical Management
James R. Ficke, MD

Abstract
The ultimate goal of amputation is to save the life of the patient or provide a
reconstructive option if function is likely to be better if the terminal limb is
removed. The transtibial amputation is the most commonly performed level
for major limb amputation. It has been said that amputations are not difficult
to perform, but they are easy to do incorrectly. One preferred technique for
transtibial amputation is discussed in detail along with tips to avoid common
mistakes. It is also helpful to be familiar with additional techniques,
including the fibulectomy and the distal bone bridge along with critical
aspects of rehabilitation in the perioperative period. Recent outcomes
literature indicates that amputation is a reasonable reconstruction and must
be accompanied by advanced rehabilitation to optimize function.

Keywords: amputation; below-knee amputation; Brückner
technique; Ertl technique; transtibial amputation
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Introduction
Surgical amputation has been recorded in archaeological specimens since
the time of Hippocrates1 and was first described as a last-resort procedure,
primarily to control infection. ince the invention of gunpowder, transtibial
amputations (below-knee amputations) have been used to prevent death
from limb trauma,2 yet amputation techniques continue to vary widely.
This chapter presents the indications for transtibial amputation, evidence to
support various aspects of the procedure, and the surgical technique

preferred by the author of this chapter.
The level of amputation is a crucial determinant of patient function.
Distal to the tibia, most patients frequently retain a degree of limb use,
often without extensive prosthetic requirements. Proximal to the tibia,
ambulation requires substantially more energy and results in less vigorous
function. Indications for transtibial amputation are uncontrollable sepsis,
malignancy in which limb salvage is not an option, unsalvageable
traumatic injury, and chronic pain unresolved with traditional methods.

Preoperative Considerations
Patients may require transtibial amputation for either nonischemic or
dysvascular causes. Nonischemic indications generally include trauma,
tumor, infection, or congenital deformities. These patients are typically
younger and healthier and have fewer comorbid conditions than those with
vascular or ischemic indications. In these patients, outcomes may be quite
functional, and the procedure is considered to be reconstructive surgery.
Patients with dysvascular limbs often have comorbidities that must be
assessed before surgery. Wound healing in the setting of vascular
compromise is dramatically improved by using a long posterior flap, as
described by Burgess et al,3 Allcock and Jain,4 and Assal et al.5 However,
a recent Cochrane Database analysis found no substantial differences
among a variety of incision types, including the skew flap, the sagittal flap,
and the long posterior flap.6 Therefore, it is best to evaluate each patient
individually for skin and soft-tissue viability.
When possible, healing potential should be assessed preoperatively.
Ideally, patients undergoing transtibial amputation should have an anklebrachial index greater than 0.5, transcutaneous oxygen saturation (in room
temperature air) greater than 20 to 30 mm Hg, an albumin level greater
than 2.5 g/dL, and an absolute lymphocyte count greater than 1,500/μL.7

Indications
General indications for transtibial amputation include high-energy trauma
in which limb salvage is not initially possible,8 a nonreconstructible
dysvascular limb,9-11 uncontrolled infection in the setting of general
sepsis, a tumor precluding limb salvage or circumstances when the patient
elects amputation after informed consent, certain congenital deformities or

deficiencies, and chronic pain when less ablative options have been
exhausted. The ultimate goal of amputation is to save the life of the patient
or provide a reconstructive option when function is likely to be better if the
terminal limb is removed. Specific indications in trauma patients are not
clearly defined, and a recent report12 demonstrated equivalent function for
amputations and limb salvage. Evidence indicates that early in the care of
a trauma patient, loss of plantar sensation should not be considered an
indication for amputation.13

Contraindications
Although a wide variety of clinical indications exist for amputation, some
contraindications also exist. Patients with vascular compromise who are
not in extremis but require amputation should undergo hemodynamic
optimization before amputation at the transtibial level or higher. In the
setting of trauma, initial limb salvage allows time for a dialogue with the
patient and the patient’s family regarding expectations and outcomes after
amputation. (This delay and subsequent dialogue is not a contraindication
per se, but it allows the patient to participate in the care decisions.) An
insensate foot is not a reliable indicator of function and therefore is not an
indication for amputation.13 Ascending infection proximal to the knee is a
contraindication for amputation at this level.

Procedure
The author of this chapter prefers to position the patient supine with a
bump under the buttocks (on the side to be addressed) to position the
patella in a direct anterior position to assist in marking the orientation of
the skin flap. A well-padded thigh tourniquet often is placed; however,
exsanguination should never be performed in patients with malignancy or
active infection. The ideal length of the residual limb is at least 12 cm
distal to the knee joint line and 23 cm above the plantar heel pad.
Transection well distal to the knee allows an optimal residual lever arm,
whereas the interval from the terminal limb to the floor allows for
selecting the optimal prosthetic components.
A standard posterior flap, as described by Burgess et al,3 is drawn
circumferentially. The transverse skin incision should be 1 to 2 cm below
the proposed tibial transection line and extend from 1 cm posterior to the

posterior medial border of the tibia laterally to the fibula. The handle of a
hemostat can be used to outline a curve at each border both medially and
laterally (Figure 1). The incision extends distally in a longitudinal fashion,
following the posterior medial border of the tibia medially and posterior to
the fibula laterally, and is carried completely around the posterior aspect of
the distal calf. The length of this flap should be approximately twice that
of the transverse arm and twice the diameter of the calf. Additional skin
may be resected later. In certain trauma situations, the extended posterior
flap has been described as being inset on the anterior tibial fascia proximal
to the tibial bevel. Tisi and Than6 performed a detailed Cochrane review of
various skin incisions and noted no differences in wound healing, but the
ability to wear a prosthesis appeared to be optimal when the scar is not
over the weight-bearing end of the residual limb.
After the circumferential skin incision outline and limb exsanguination
(when appropriate), the tourniquet is elevated, and the entire skin incision
is performed down to the fascia. If an osteoperiosteal flap is to be raised,
care should be taken on the anteromedial border to preserve the tibial
periosteum, which is best exposed by performing an additional direct
anterior longitudinal incision distal to the transection flap that elevates the
subcutaneous tissue while preserving the fascial layer. After complete skin
and fascial incision, the anterior and lateral muscular compartments are
transected. It is helpful to carry the transection proximally in the anterior
and lateral compartments because these compartments provide no benefit
to myodesis and often add tension to the fascia and skin in wound closure.
The anterior tibial artery is identified before transection and doubly
ligated. The deep and superficial peroneal nerves are identified and
injected with 1% lidocaine before transection. Similarly, on the medial
side, the saphenous vein is identified and ligated, and the saphenous nerve
is transected after injection. It is equally important to perform traction
neurectomy for the sural remnant in the posterior flap to avoid incision
neuromata from the posterior flap.14

Figure 1

Photograph of a planned modified long posterior
flap. The medial and lateral redundant skin or “dog-ear” is
marked using a hemostat handle.

Subperiosteal dissection posterior to the tibia using a Cobb elevator
enables exposure of the intermuscular septum, the tibial shaft, and the
fibula. This tibial shaft bone is cut using an oscillating saw or a Gigli saw,
taking care to ensure perpendicular cuts in both the anteroposterior and
lateral planes and avoid a posterior bone spike by supporting the foot
during the cut. Next, the fibula is cut no more than 1 cm proximal to the
tibia in a taper from proximal-lateral to distal-medial to avoid prominence
laterally. A hand rasp or a power saw is used to round sharp bone edges.
An anterior tibial bevel is essential for prosthetic comfort. If a bevel is
started within the medullary canal, later resorption of the bone results in
two medial and lateral prominent points; therefore, the bevel should be
clearly outside the medullary canal and fully intracortical (Figure 2). The
bevel is made at a 30° to 45° angle, with care taken to preserve the
proximal periosteum for myodesis or myoplasty.
After the tibial and fibular bone cuts, a long amputation knife is used to
contour the gastrocnemius fascia. This knife, used with long sweeping
strokes, permits resection of the posterior tibial muscle, transection of the
neurovascular bundle distal to the bone cuts, and a tapered resection of the
soleus followed by transection of the gastrocnemius fascia at the most
distal aspect. Completing the entire skin incision initially prevents
inadvertent buttonhole or irregular skin edges. The foot is passed off the

field, and attention is turned to the neurovascular bundle. Proximal
dissection and removal of the tibialis posterior muscle belly permit
exposure of the tibial neurovascular bundle, where the artery is doubly tied
with a suture ligature and veins are separately ligated. The tibial nerve is
separately dissected from the vessels to prevent pulsatile irritation. This
nerve is similarly injected proximally, and gentle traction neurotomy is
performed above the level of the tibial bone cut. At this point, the
tourniquet should be released, hemostasis is fully obtained, and the
gastrocnemius fascia is assessed for myodesis or myoplasty.
When myodesis is performed, it is best to avoid central core–style
sutures, which can create sterile abscesses. A No. 5 braided suture is used
to perform a Krackow-style locking stitch with four strands.15 A 3-mm
drill bit is used when creating a myodesis, and the drill hole should be
proximal to the bevel to facilitate complete coverage of the distal tibia
(Figure 3). If myoplasty is performed, the terminal end of the
gastrocnemius fascia is secured to the anterior tibial periosteum and fascia.
Even in patients with vascular disease, security of the gastrocnemius over
the distal tibial cut is important for future prosthetic wear. After
meticulous hemostasis, the myodesis is secured, and fascial closure is
performed in layers. The decision for draining is based on individual
surgeon preference, but little scientific evidence supports the routine
placement of drains. Meticulous hemostasis before closure is the best
practice to avoid postoperative hematomas or wound healing problems.
The skin is closed in layers, and the dressing of choice applied. A
postoperative splint protects the distal residual limb, preventing wound
complications from postoperative falls. (It is common in the early
postoperative period for patients to inadvertently depend on the absent
limb.) Falls on the residual limb can cause devastating setbacks, wound
dehiscence, or myodesis failure.

Figure 2

Intraoperative photograph shows the importance of
remaining outside the medullary canal when removing the
sharp anterior edge of the distal tibia.

European (Brückner) Technique: Fibulectomy
In the 1980s, Dr. Lutz Brückner, a German surgeon, reported on a series of
patients with occlusive arterial disease who underwent a modification of
the Burgess technique.16,17 In 1993, Brückner reported on a complete
fibulectomy and complete resection of the anterior and lateral muscular
compartments, and Stahel et al10 reproduced Brückner’s successful
findings in 2006 (Figure 4). The Brückner method lessens the likelihood
of migration of the proximal fibula and ischemia of the often tenuous
anterior or lateral muscular compartments, and it permits a relatively lower
tension myoplasty for the retained gastrocnemius-soleus complex (Figure
5). This technique is important when a high-energy traumatic injury is
associated with proximal tibial-fibular disruption, revision, or extremely
short residual limbs.

Figure 3

Intraoperative photograph shows the myodesis
being secured to the anterior tibia through drill tunnels above
the bevel with suture-washer fixation for the bone bridge.
(Courtesy of Benjamin K. Potter, MD, Bethesda, MD.)

Ertl Technique
Almost 70 years ago, Janos Ertl, a Hungarian professor, described the
osteomyoplastic amputation technique that now bears his name.18 This
method included periosteal flap elevation from the tibia and the creation of
a bone bridge between the tibia and the fibula that closed the medullary
canal of the tibia, created a wider base for prosthetic fitting, and stabilized
the distal tibial-fibular interval. This technique has had controversial
results, and widely varied opinions exist regarding its benefit; however, the
Ertl technique continues to be popular among higher performing patients
with limb loss. Although the specific patient population that would most
benefit from bone-bridge synostosis has not been defined in the literature,
available data allow some generalizations. Gwinn et al19 performed a
retrospective analysis of 37 patients who underwent bone-bridge transtibial
amputations in 42 lower limbs for trauma to identify perioperative
differences between those undergoing bone-bridge and non–bone-bridge
amputations. The authors reported longer surgical times in those
undergoing bone bridging (179 versus 112 minutes, P < 0.0005) as well as
longer tourniquet times (115 versus 71 minutes, P < 0.0005). Although the
authors argued that the longer surgical and tourniquet times should not be
considered contraindications to performing a bone-bridge transtibial
amputation in a young, healthy patient, these factors have been associated

with increased complication rates in those undergoing other lower limb
surgeries.20

Figure 4

Illustrations of the Brückner technique of anterior
and lateral muscle compartment resections with fibulectomy. A,
Sketch including compartments. B, Sketch after resection. C,
Sketch demonstrates the knee as seen on an AP radiograph
after the Brückner technique. (Reproduced with permission
from Philip Stahel, MD, Lakewood, CO.)

Figure

5
Postoperative AP radiograph of revision
amputation and modified Brückner technique showing
posterolateral knee capsule and fibular collateral ligament
reconstruction.

Figure 6

Intraoperative photograph of an osteoperiosteal
flap being prepared using a wide, single-bevel chisel and
“flaking” attached bone chips as the flap is lifted. The flap is
secured across the distal tibia and fibula onto the lateral fibula
and, as much as possible, sutured into a tube superiorly.
(Reproduced from Ficke JR, Stinner DJ: Transtibial amputation,
in Flatow E, Covin AC: Atlas of Essential Orthopaedic
Procedures. Rosemont, IL, American Academy of Orthopaedic
Surgeons, 2013, pp 545-549.)

Because of the longer surgical and tourniquet times associated with the
bone-bridge synostosis technique,19 it is best reserved for young, healthy
individuals. In addition, those with fibular instability or disruption of the
interosseous membrane may benefit from this technique as a primary or
revision amputation.21
When it is decided to perform an osteoperiosteal flap, as described by
Ertl,18 it is best done using a single-bevel, wide chisel before the tibial
bone transection (Figure 6). It is important to measure the distance
between the tibia and the fibula and develop the osteoperiosteal flap that
will extend onto the lateral fibula. Any widening of this distance or
excessive narrowing is not well tolerated. Additional aspects of this
procedure include fibular resection at the level of the tibia with or without
a periosteally attached bone spacer. Similarly, various fixation methods for
this bone bridge have been described using screws, suture-washer
constructs, simple sutures, or only the periosteum.21-23 None of these
methods has been shown to be superior, but Gwinn et al19 demonstrated
that the bone-bridge procedure was associated with longer surgical times,
greater blood transfusion requirements, and additional subsequent

procedures regardless of the technique. Using cineradiography in
successful Ertl prosthesis users, Tucker et al24 demonstrated that the limb
did not actually directly contact the end of the socket; therefore, true end
bearing was not a critical factor in improving clinical outcomes. Similarly,
the standard long posterior flap amputation, compared with the bonebridge technique, has not been shown in prospective trials to make a
substantial difference in outcomes.25 Nonetheless, the procedure is
popular among elite athletes and high-performance military personnel who
have been wounded. Additional outcomes studies and comparative
effectiveness data are required to determine which approach is optimal.

Level-Specific Complications
Complications related to the transtibial amputation level can be
categorized as acute (including systemic and local effects) or chronic and
are generally considered either mechanical or functional. Although
transtibial amputation is a major surgical procedure, and extensive blood
loss, fluid shifts, and systemic stress are common, most acute
complications are neither regionally specific nor unique to the level.
Tourniquet use has been shown to be safe and effective in patients who
have a traumatic injury, are neoplastic, or are dysvascular, with similar
healing rates.26 The use of tourniquets has made amputations much more
survivable but can contribute to complications such as neuritis and
complex regional pain syndrome.
The most common complications associated with the long posterior
flap include acute infection and wound dehiscence, hematoma formation
or bleeding complications, painful neuromata, and loss of motion.27,28 In
general, excessive tension in flap closure or preexisting marginal perfusion
to the soft tissues is the most important risk. If a tourniquet is used, it
should be deflated before myodesis and hemostasis are ensured, and skin
perfusion should be verified.
In traumatic amputations, preservation of limb length results in salvage
of critical joint function. Gordon et al29 demonstrated an extremely high
rate of early infection but long-term resolution and limb length salvage
when fractures were stabilized proximal to the lowest viable level of soft
tissue. The authors consequently recommended early bone stabilization
and retention of the lowest viable level without regard for “classic” named
amputation levels.

Irrespective of the indication for amputation, venous thromboembolism
is a major risk and has been associated with the highest mortality rate
among orthopaedic surgical procedures.30 Risk factors for venous
thromboembolism in patients with an amputation include older age,
sedentary lifestyle, and the Virchow triad (including arterial [intimal layer]
disease, hypercoagulability, and low blood flow/stasis). Although no
specific methods have been shown to be most effective at preventing
venous thromboembolism, chemoprophylaxis may be most feasible in the
setting of limb loss. In a recent Cochrane review of all amputation studies,
no method of venous thromboembolism prevention was most effective, but
none appeared to inhibit wound healing, which is a concern when using
chemoprophylaxis.31
Complications and prolonged surgical times have been reported with
the Ertl bone-bridge procedure but have not been associated with lower
rates of return to function or impaired prosthetic use.19,25,32 Mechanical
failure can occur because of heterotopic ossification, myodesis or
myoplasty failure, or painful symptomatic neuroma. Heterotopic
ossification ideally should be observed until it is stable, but no current data
have shown higher recurrence rates when resected early. When prosthetic
wear is substantially impeded or progressive neurovascular functional
decline is noted, judicious resection should be considered.33-36 When
stabilized to bone with a braided noncore suture, myodesis has been found
to be most effective.37
Multimodal pain management in the acute setting, including
continuous regional pain catheters, has substantially improved long-term
outcomes.38 Pain can occur in many forms in this patient population. In
addition to typical postoperative pain, patients may experience phantom
limb pain; complex regional pain syndrome; or localized residual limb
pain from prominent neuromata, limb-socket interface problems, or
insufficient soft-tissue coverage.

Rehabilitation
A complete discussion of rehabilitation is beyond the scope of this chapter,
but several aspects of acute inpatient postoperative recovery warrant
discussion. One of the first goals in the initial postoperative period is
edema control because edema has a profound effect on wound healing.
Edema control is typically done with elevation, rigid dressings with soft

compression, and eventual progression to elastic prosthetic shrinkers.
Wound breakdown is more common in patients with vascular disease or
diabetes but may occur in any patient. Optimizing preoperative nutrition,
ensuring meticulous intraoperative hemostasis, and initiating postoperative
edema control should all be undertaken to minimize this risk.
Knee flexion contractures must be prevented after transtibial
amputations. Rigid dressings with the knee in extension help prevent
contractures. In addition, early prone positioning helps prevent hip flexion
contractures before patient mobilization.
Inpatient preprosthetic conditioning begins on the first postoperative
day with assisted transfers. A durable cover for the residual limb, made of
either molded plastic or splint material, is protective against falls if the
patient rises and forgets the leg is no longer there.
The immediate use of postoperative prostheses has been described;
however, comparative effectiveness evidence is lacking. It is far better to
permit healing of a stable wound closure, with soft-tissue equilibrium, than
to promote premature ambulation in a prosthesis.
Experience with patients involved in recent military conflicts has
shown that early preprosthetic rehabilitation combined with
comprehensive mentor-based peer group approaches to rehabilitation are
quite effective.39-41 Therefore, whenever possible, rehabilitation in centers
where the patient is among others experiencing similar recovery or among
peers who have previously experienced limb loss and successful recovery
is the best practice. The Military Extremity Trauma Amputation/Limb
Salvage (METALS) Study recently demonstrated that in a rehabilitationfocused environment, patients with amputations function better, regain
higher vigorous activity, have lower markers for posttraumatic stress
disorder, and have lower rates of depression than peers who underwent
limb salvage.42 The METALS Study was conducted during the Iraq and
Afghanistan conflicts in which every US service member with limb loss
underwent intensive, often long-term, rehabilitation in centers of
excellence where social, family, and financial support systems were
mature and fully engaged in a comprehensive network of care. Such
systems did not necessarily exist for limb salvage patients nor are they
widely available to civilian patients.

Summary

Major limb amputation is most commonly performed at the transtibial
level, and this level can be the difference between the need for a prosthetic
limb versus an orthosis with shoe filler. The tibial end of the residual limb
affords a functional interface with a well-fitting prosthesis when surgical
principles such as careful soft-tissue handling, meticulous hemostasis, and
tension neurotomies for all five major nerves are followed. A transverse
tibial cut with appropriate anterior-tapered bevel and muscle coverage for
the bone renders the terminal leg suitable for prosthetic wear after the
wounds are healed. Alternative methods such as the Brückner resection
and the extended posterior flap show promise in appropriately selected
patients; the Ertl bone bridge, although in use for more than 80 years, has
little objective evidence of its comparative effectiveness.
Most importantly, all amputations should be approached as major
reconstruction efforts with awareness of the many possible complications,
including wound breakdown and infection, myodesis failure and neuroma,
and heterotopic ossification, that can delay essential rehabilitation.
Prophylaxis for infection, venous thromboembolism, and contracture
formation are important to long-term outcomes. Rehabilitation involving
peer mentors, family, and the patient’s own engagement is critical.
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Abstract
A transtibial amputation presents serious physical challenges to ambulation
that may be overcome, in part, by using a prosthetic limb. Understanding the
basic principles for socket designs, suspension variations, and alignment
considerations will allow informed decisions regarding transtibial prosthetic
design. When selecting a prosthetic device, factors to consider include the
following: (1) the importance of a user-centered prosthetic design to ensure
device acceptance, (2) different interfaces between the residual limb and
prosthetic sockets, (3) various suspension methods, (4) prosthetic socket
design options, (5) motor control of the limb/prosthesis system, (6) prosthetic
socket/foot alignment principles, and (7) potential future transtibial
prosthetic technologies. The large number of available technologies can
make a decision challenging, but it also allows optimization of the design to
make the prosthesis unique to the individual using it so that benefits are
maximized and drawbacks are minimized.

Keywords: amputee gait; patient-centered care; prosthetic
design; transtibial amputation
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Introduction
A transtibial amputation constitutes a major insult to the neural, muscular,
and skeletal systems (for example, loss of the ankle joint and distal tibia,

transected muscle bodies, and altered peripheral nerves) and presents
serious physical challenges to ambulation. These challenges may be
overcome, in part, by using a transtibial prosthetic limb. A transtibial
prosthesis has five major parts: (1) an interface between the residual limb
and the device, (2) a method to suspend or secure the device to the residual
limb, (3) a socket (receptacle for the residual limb), (4) a pylon or shin
connector, and (5) a prosthetic foot/ankle system (Figure 1). This chapter
defines basic principles for socket/suspension designs and alignment to
enable informed decisions regarding transtibial prosthetic design. This
chapter is organized from the person out to the device and describes the
following: (1) the importance of user-centered prosthetic design to ensure
device acceptance, (2) different interfaces between the residual limb and
prosthetic sockets, (3) various suspension methods, (4) prosthetic socket
design options, (5) motor control of the limb/prosthesis system, (6)
prosthetic socket/foot alignment principles, and (7) potential future
transtibial prosthetic technologies.
A transtibial prosthesis should be designed with a focus on the user and
requires an understanding of factors important for each individual user.
The usefulness of a transtibial prosthesis depends on its benefits to the user
(for example, mobility and vocational use) relative to the costs associated
with its use (for example, aesthetics, durability, ease of use). Prosthetic
research has demonstrated several trends that can enhance device
acceptance, usefulness, and user satisfaction. Surveys suggest that
prosthetic function is slightly more important to users than aesthetics and
that these factors are more important than the weight of the prosthesis.1
Prosthesis use and satisfaction is positively correlated with reduced time to
the first prosthesis fitting after an amputation.2-4 Older age and a
compromised health status (such as the presence of comorbidities) are
negatively correlated with prosthesis use.2,3 Prosthesis use is related to
socket comfort, how well the mechanical function relates to the user’s
activities, device appearance and durability, and how stable the user feels.5
There has been a long-standing belief that the usefulness of a prosthesis is
related to minimizing the energy costs of walking. Prosthesis users do not
report that this is a pertinent factor.1,5 Minimizing the energy cost may
still have some importance when comparing components of similar
durability or appearance, but it should not be a primary rationale for
prosthetic design.
The ability to optimize prosthetic design and implement a care plan

that includes building, fitting, and adjusting the prosthetic socket to
achieve user comfort has been highlighted as a major factor in the
usefulness of a prosthesis and user satisfaction.3,5-7 Similarly, the ability
to consider the user’s needs, functional abilities, and aesthetic desires play
a vital role in prosthesis use.

Figure 1

Photographs of an endoskeletal transtibial
prosthesis consisting of a socket, foot, and a method to attach
and align the socket and foot. Prosthetic suspension (not
shown) holds the prosthesis onto the residual limb and will
likely use an interface (not shown) that contacts the skin of the
residual limb.

Socket Insert Design
The socket insert fits between the residual limb and the prosthetic socket.
Socket inserts are broadly categorized as socks, foam inserts, and gel liners
(sock-shaped inserts made of a rubber-like gel that is rolled onto the
residual limb) (Figures 2, 3, and 4). These inserts provide the interface
between the delicate skin of the residual limb and the hard surface of the
prosthetic socket. The interface may contribute to volume management,
cushioning, and/or suspension. For example, socks of different thicknesses

allow the prosthesis user to change from thinner to thicker socks when the
residual limb loses volume. With respect to cushioning, although an
interface may diminish forces applied to delicate residual limb tissues,
excessive cushioning can reduce these forces to a point where the
prosthesis user can no longer use the proprioceptive feedback from the
residual limb, thereby diminishing prosthetic control. In addition, the
added thickness of a cushioned interface may compromise the user’s
mechanical control of the prosthesis. The socket insert should provide the
minimum amount of cushioning that allows for patient comfort and limb
protection while achieving maximal prosthetic control. The socket insert
may also be part of the suspension design, as is discussed later in this
chapter.

Figure 2

Photograph of prosthetic socks that provide a clothbased interface with the prosthesis. These socks have different
thicknesses, circumferences, and lengths. Some socks have a
distal hole (left) to be used with pin and shuttle lock suspension
systems; others are closed (right).

Prosthetic Socks
The sock is the oldest socket insert for transtibial prostheses (Figure 2).
Socks can provide volume management and cushioning.8 Prosthetic socks
have various thicknesses, termed ply. In some instances, the individual
may need to increase or decrease sock thickness to accommodate residual
limb volume fluctuations that occur throughout the day. Less frequently,

patients have chosen thicker socks in the original design of the prosthesis
to provide extra cushioning. However, the use of prosthetic socks for
cushioning is an older practice that has been increasingly replaced by
newer materials with improved cushioning and greater comfort.9-12
Originally woven from wool, prosthetic socks (alternatively known as
stump socks) are now manufactured from wool and synthetic blends.
Newer socks also can be manufactured with silver fiber woven into the
textile.13 Because silver has antimicrobial properties, it seems to be
beneficial in the warm, humid environment of the prosthetic socket.
However, no evidence exists to support any realized benefit from the use
of silver woven into prosthetic socks.
Thermoformable foam inserts (Figure 3) generally offer increased
cushioning compared with prosthetic socks. Foam inserts are composed of
various closed-cell foams (such as pelite and kemblo) designed to optimize
cushioning and prosthetic control.14 The foam form replicates the shape of
the residual limb on the inside and the prosthetic socket on the outside,
thereby providing an intimate fit. An advantage of foam inserts is the
ability to vary insert thickness to provide additional cushioning where
needed, creating a more uniform outer shape. Socks can only facilitate
global changes in limb volume, whereas foam inserts allow localized
changes to accommodate load or relieve targeted areas of the limb as
needed. In some cases, foam inserts can be designed to provide anatomic
suspension (refer to supracondylar suspension for further information). In
addition, foam inserts do not typically provide as much insulation as gel
liners and thus may be cooler for the patient. Foam inserts are an
alternative for prosthesis users who cannot tolerate the gel liner materials
against their skin. The initial cost of a foam insert may seem advantageous,
but damage or excessive wear may require fabrication of an entirely new
socket.

Prosthetic Gel Liners
The prosthetic gel liner (Figure 4) represented a large technologic
advancement beginning in the early 1980s.9 The term “gel” is often used
to desribe liners made of silicone, thermoplastic elastomer, and
polyurethane. Gel liners have higher coefficients of friction compared with
foam inserts, allowing them to protect the limb differently.14 Specifically,
the compliance of the gel liner allows it to assume the shape of the residual
limb, creating a sealed layer that does not move against the skin. The gel

liner now acts as an additional dermal layer, protecting the biologic skin
from breakdown, irritation, and abrasion.15

Figure 3

Photograph of a closed-cell foam liner inside a
patellar tendon–bearing transtibial prosthetic socket designed
with supracondylar suspension. The thickened portion on the
left (medial) proximal portion of the socket fits over and
suspends the prosthesis from the femoral condyle.

Sanders et al16 reported that silicone, thermoplastic elastomer, and
urethane all have advantages and disadvantages. Thermoplastic elastomer
tends to be the softest gel, behaving most similarly to soft tissue, whereas
silicone and urethane tend to be stiffer under compression. When dry, none
of the materials has a coefficient of friction low enough to induce slipping
against the skin. Shear stiffness is similar to compression stiffness;
thermoplastic elastomer is the softest, silicone is the stiffest, and urethane
is similar to silicone. Using these results, the authors suggested that
thermoplastic elastomer liners may be best suited for patients with bony
anatomy and limited soft tissue in the residual limb. Patients with abundant

soft tissue may benefit more from the stability provided by the increased
stiffness of silicone or urethane. However, material properties testing does
not always translate perfectly to human outcomes, and recommendations
provided based on material properties should be cautiously considered.12

Figure 4

Photographs of prosthetic gel liners. A, A cushion
liner can be used with suction or elevated vacuum suspension
systems. B, A locking liner has a threaded insert for the pin
portion of pin and shuttle lock suspension. C, The rubber-like
rings of a seal-in liner are used with suction suspension and
seal the socket without using a knee sleeve.

Gel liners are available in different thicknesses and profiles (such as
uniform thickness or tapered from thicker to thinner more proximally). Gel
liners are manufactured in numerous sizes to fit various common residual
limb sizes and shapes. Liners that are custom made based on either a scan
or mold of the residual limb are also possible for those with uniquely
shaped residual limbs or those requiring additional cushioning in specific
areas. These liners can have a fabric covering, which eases sliding of the
residual limb into a socket and provides controlled stretching and stability
to the entire liner. The fabric can be manufactured to reduce longitudinal
stretch while allowing circumferential stretch. The liners can have a rigid,
threaded nut attached to the distal end to allow pin-locking suspension.
A disadvantage of gel liners is thermal insulation, which can result in
increased limb temperature.17 In the presence of increased limb

temperature, patients may experience excessive perspiration, dermatitis, or
skin maceration. Some manufacturers and researchers are creating socket
inserts to minimize residual limb heating (for example, SmartTemp;
Willow Wood), but no evidence exists to support the efficacy of this
material when worn on a residual limb inside a socket.18,19 Ultimately,
individuals may reject gel liners because of increased limb temperature
and skin problems associated with gel liners. However, the advantages of
cushioning, the ability to conform to bony prominences, and the
facilitation of suspension within some systems typically outweigh the
disadvantages of gel liners.

Figure 5

Illustration of a waist belt and cuff strap suspension
system. (Adapted with permission from Kapp S, Cummings D:
Prosthetic Management, in Bowker JH, Michael JW, eds: Atlas
of Limb Prosthetics: Surgical, Prosthetic, and Rehabilitation
Principles. St. Louis, MO, Mosby-Year Book, 1992, p 462.)

Suspension Design
The method to secure the prosthesis to the residual limb, or prosthetic
suspension, is an important factor in function, aesthetics, weight, and

ultimately, prosthesis use. Prosthetic suspension systems attempt to
minimize movement between the user and the prosthesis. Vertical
movement on the residual limb within the socket is commonly referred to
as pistoning because it resembles the up-and-down motion of a piston
inside a cylinder. Most pistoning occurs during the swing phase of
ambulation when the prosthesis and residual limb try to separate.20 The
selected suspension system should control (and ideally minimize) insocket movement and help to minimize shear forces linked to the
development of abrasive skin ulcers.21 These shear forces can be
exacerbated through external movement of the socket interface moving
relative to the skin or internally via the amputated bone pushing against
limb tissues.21 Therefore, minimizing limb-socket movement is considered
a primary goal of prosthetic suspension systems.22 Traditional suspension
methods involve some anatomic, mechanical, or atmospheric method to
secure the prosthetic socket over the soft tissues of the residual limb.
These suspension systems range from the simple designs that involve
shaping the socket to come up and over the femoral condyle to the systems
that involve microprocessors controlling a pump to create negative
pressure (a vacuum) and hold the socket onto the residual limb. The
benefits and drawbacks to these systems and how they fit the needs of the
patient determine their usefulness.

Anatomic and Strap Suspension Systems
Anatomic suspension systems involve securing the prosthetic socket over
some portion of the anatomy (typically, the thigh), either using socket
contours or attached strapping techniques. These types of suspension
systems have a long history in prosthesis use, are cost effective to produce,
can be durable, and are still used in the early stages of rehabilitation or
when access to prosthetic care is less reliable (for example, rural areas,
populations with low socioeconomic conditions, and developing
countries). However, anatomic suspension systems are not commonly used
in modern prosthetic practice because of the advantages of many
mechanical and atmospheric pressure–based systems that minimize limb
and socket movement.22
Waist Belt and Fork Strap Suspension
A waist belt and fork strap suspension system involves a belt worn around
the waist with an elastic strap coming down the anterior portion of the

thigh and connected to an inverted Y-strap via a buckle (Figure 5). The
inverted Y-strap is then connected to either side of the socket and holds the
prosthesis up when the foot is off the ground. The advantages of this
suspension method are its simplicity and low production cost. However,
the waist belt can be uncomfortable, and because the elastic strap crosses
the hip and knee joints, it may not always maintain adequate tension in
different limb configurations or through different motions. Therefore, its
use has largely been confined to postoperative and early-stage prosthetic
fittings.
Cuff Strap Suspension
Cuff strap suspension consists of a strap that wraps around the thigh just
proximal to the patella and femoral condyles, which then splits, wraps
around the anterior portion of the prosthesis, and connects to the medial
and lateral sides of the socket (Figure 6). This is a simple and inexpensive
suspension method. Fitting the cuff strap requires skill to find the correct
pivot points for the strap on the prosthesis that will allow for maximal
knee range of motion while maintaining suspension of the prosthesis over
the patella. The disadvantages of cuff suspension include cosmetic
concerns because the strap is visible through the user’s pants and its
reduced effectiveness at minimizing limb-socket motion relative to more
modern systems.23,24 This suspension does not work well if there is
substantial adipose tissue around the knee.
Supracondylar Suspension
Supracondylar suspension is a simple, durable, and cost-effective
suspension system that secures the prosthesis by extending the medial and
lateral trim lines over the femoral condyles (Figure 3). The trim line is
brought in more aggressively over the medial trim line relative to the
lateral trim line, creating medial-lateral support for the knee and
preventing the prosthesis from slipping downward because the socket is
brought in over the condyles. Because the supracondylar suspension
design requires an opening narrower than the width of the knee joint,
donning and doffing is complicated, and a skilled clinician is required to
shape and fit the prosthesis. The opening may be shaped in such a way as
to allow the user to “twist” into the socket; alternatively, a portion of the
brim or interface can be made removable. The removable brim or wedge
designs allow the opening to be made wide enough to slip the limb into the

socket before reestablishing a secure hold over the femoral condyles. The
simplicity, durability, and cost effectiveness of supracondylar suspension
make it a good choice for users who have limited access to prosthetic care.
The drawbacks include poor cosmesis when sitting, the need for increased
clinical skill to shape the trim lines and socket, and relatively poor
suspension compared with more modern systems. Supracondylar
suspension is more difficult to fit successfully when using a gel liner
because the thickness of the gel increases the bulk around the femoral
condyles.

Figure 6 Illustrations of the medial (A) and anterior (B) views
of a cuff strap suspension system. (Adapted with permission
from Kapp S, Cummings D: Prosthetic Management, in Bowker
JH, Michael JW, eds: Atlas of Limb Prosthetics: Surgical,
Prosthetic, and Rehabilitation Principles. St. Louis, MO, MosbyYear Book, 1992, p 457.)

Mechanical Suspension Systems Knee Sleeve Suspension
Knee sleeve suspension is a simple, quick, cost-effective, and aesthetically
appealing method to suspend the prosthesis using a neoprene, elastic
fabric, or gel sleeve rolled distally over the prosthetic socket and

proximally over the thigh (Figure 7). It suspends the prosthesis by means
of mechanical contact and the resulting friction between the inside of the
sleeve and outer socket wall distally and the skin of the thigh proximally.
This suspension system does not inhibit tissue movement relative to the
bones in the thigh or residual limb and can allow some movement of the
prosthesis relative to the skin via fabric stretching or movement of the
sleeve relative to the socket. Knee sleeve suspension stays close to the skin
and socket, improving aesthetics. In addition, it is easy to install, can be
retrofitted to most prosthetic designs, and is cost effective. Knee sleeve
suspension is commonly used by older individuals who wear a prosthesis,
are not very active, and prefer an aesthetic design that is easy to use. Knee
sleeve suspension is also used as secondary suspension for prosthesis users
who are active because it provides additional suspension and stability and
can be retrofitted to other systems. However, the thickness and stiffness of
the sleeve can restrict knee joint range of motion, which is
disadvantageous for some users. Also, knee sleeve suspension relies on
friction between the socket and the sleeve, which can become problematic
as the sleeve wears out from use and begins to slip on the socket.

Figure 7

Photograph of a knee sleeve suspension system
that covers the socket, knee, and thigh.

Locking-Liner Suspension
Locking-liner suspension involves a gel liner interface worn between the
residual limb and the prosthesis, with one of several mechanical methods
used to attach the gel liner to the socket. This mechanical connection can
be achieved with a pin and a shuttle lock (Figure 8), a lanyard (Figure 9),
or a magnetic system. In most cases, these locking suspensions involve
securing the distal end of the gel liner to a receiver in the distal end of the
socket.
Currently, the pin and shuttle lock suspension system (Figure 8) is one
of the most commonly used systems. This system typically has a serrated
pin screwed into the distal end of the gel liner that locks into a shuttle lock
in the socket. A click may be audible as each serration on the pin slides
through the locking mechanism, informing the user that the prosthesis has
been secured. The prosthesis is removed by depressing a button that
disengages the lock. The ease of donning and doffing the prosthesis allows
the user to quickly add or remove prosthetic socks to manage changes in
residual limb volume.

Figure 8

Photograph of the pin and shuttle lock suspension
shows a pin screwed into a specifically designed gel liner that is
inserted into a locking mechanism in the bottom of the socket.
Pressing the button on the side releases the system.

A disadvantage of this system is that the user must align the pin
properly before donning the prosthesis. In addition, prosthetic socks must
have a hole for the pin to allow clean insertion into the lock without
pushing sock material into the locking mechanism. If this happens, the
locking mechanism will likely bind and the user will be unable to remove
the prosthesis without professional assistance.
Active patients have reported a “milking” effect with pin and lock
systems because the limb is predominantly suspended by the distal end.
This distal suspension causes increased liner deformation more distally
than proximally, thereby applying a distal-to-proximal pressure gradient
on the residual limb. An understanding of the possible negative health
consequences of this system is limited but is of concern to some users of
this type of transtibial prosthesis.
Lanyard systems (Figure 9) have been developed to solve the problem
of aligning a mechanical pin with a shuttle lock. A cord is attached to the
gel liner and pulled through a lock mechanism in the distal end of the
socket, allowing the user to pull the residual limb into the socket. A
drawback to the lanyard systems is the need for sufficient hand dexterity to
attach the straps and thread them through the appropriate components.

Figure 9

Photograph of a lanyard suspension that uses a
cord attached to a locking mechanism in the bottom of the
socket. The user screws the threaded portion into a locking gel
liner and uses the lanyard to pull the residual limb into the
socket. The button on the left releases the system. (Adapted
with permission from Prosthetic Design, Inc.)

A new type of hook-and-loop suspension system (known as HOLO)
uses straps that are attached to the sides of the liner and secured to the side

of the socket.25 The HOLO system addresses concerns about milking by
not attaching the prosthesis solely by the distal end, and it alleviates the
difficulty of pin-and-lock alignment. The HOLO system requires a more
involved fabrication process compared with pin and suction-style
suspension systems. Because it is a new design, clinical implementation
has been limited.
Magnetic suspension systems have been recently developed to solve
the pin alignment problems experienced by some users of shuttle lock
systems. These systems are relatively new to the prosthetic market, and
research on their effectiveness is limited. Magnetic systems require a
battery, and it is unclear if the added weight of the battery and magnet
outweigh the benefit of using these systems.

Figure 10

Photograph of a one-way expulsion valve in a
suction suspension device that expels air with each step, which
creates and maintains negative pressure relative to the
atmosphere within the residual limb–socket space during the
swing phase of gait. Such valves are used in prosthetic
systems that seal the space between the residual limb and
prosthetic socket using a knee sleeve or a seal-in liner.

Atmospheric Pressure Suspension Systems
Atmospheric pressure suspension systems involve some method of sealing
the space between the gel liner and the prosthetic socket and then
evacuating the air from this space to create suction between the limb and
the socket (pressure within this space being below atmospheric pressure).
The major disadvantage to any suction-based suspension system is

maintaining an airtight seal at the limb-socket interface. The durability of
the sealing system and the prosthetic user’s cognitive ability to understand
how to use and maintain the seal are key factors in the successful use of
these systems.
Suction suspension refers to the sealing of the limb-socket interface
and the use of a one-way valve in the socket (Figure 10). The one-way
valve combined with the cyclic pumping movement of the limb in the
socket during gait gradually expels the air between the limb-socket
interface and ultimately limits the movement between the residual limb
and the socket.14 During the swing phase, as gravitation and inertial forces
pull the prosthesis away from the limb, the inability to draw air into the
limb-socket interface increases the negative pressure that holds the
prosthesis in place. Suction suspension can be achieved by sealing the
limb-socket interface with a gel knee sleeve (Figure 7) or using
specifically designed liners that have one or more sealing gaskets on their
outer surface (Figure 4, C).

Figure 11

Photographs of elevated vacuum suspension
systems that use a pump to remove air from between the
residual limb and prosthetic socket using either a mechanical
pump incorporated into the pylon (A) or a microprocessorcontrolled electric pump (B) placed just distal to the socket.

Elevated vacuum systems have a vacuum pump to further reduce the

negative pressure between the limb-socket interface relative to suction
suspension. In contrast to suction suspension, which can only achieve
negative pressure relative to the displacement of the prosthesis, elevated
vacuum systems can obtain pressure as high as 80 kPa.26 The vacuum
pump can be powered mechanically by incorporating the pump into the
pylon (Figure 11, A) or using a microprocessor-controlled electric motor
(Figure 11, B). The vacuum pump also can be incorporated into a
prosthetic foot (Figure 12). The microprocessor-controlled pumps can
continuously monitor and adjust vacuum pressure, whereas mechanical
pumps are advantageous because they do not use a battery that must be
recharged. The added cost, complexity, and bulk of elevated vacuum
systems should be taken into consideration.

Suspension System Performance
Research on transtibial suspension systems is limited, due in part to the
difficulties associated with measurement. Quantitative measures of
suspension performance have traditionally been based on minimizing
limb-socket movement. This movement is difficult to measure because the
socket covers the residual limb being observed. This challenge has been
overcome in quasistatic environments using radiographic techniques,27,28
with motion-capture systems assessing markers outside the socket,29 and
markers viewed through a clear socket.25,30 Creative methods to obtain
these measurements in locomotion have analyzed vertical displacements in
gait,23,31,32 sagittal plane translation and angulation during cycling,24,33
and three-dimensional analysis during gait.34
Söderberg28 investigated supracondylar, pin and shuttle lock, cuff
strap,
and
suction
suspension
systems
using
roentgen
stereophotogrammetry to measure pistoning in a series of quasistatic
positions to simulate gait. Results demonstrated that suction suspension
was slightly better than suspension provided by a pin and shuttle lock
system, but both outperformed supracondylar and cuff strap suspension by
a factor of three. Additional observations corroborate the ability of suction
suspension systems to minimize pistoning compared with pin and shuttle
lock systems.28,30,32 However, the suspension provided by a pin and
shuttle lock system reduces pistoning and angular displacements during
gait compared with cuff strap suspension.27 A rubber knee sleeve
minimized vertical residual limb-socket displacement compared with
supracondylar or cuff strap suspensions and reduced sagittal angular

movement of the residual limb within the socket more than a pin and
shuttle lock system during gait.23,34 Angular and translational movements
can be minimized further by using a combination of a knee sleeve and pin
suspension during gait.34 Suspension provided by a pin and shuttle lock
reduced movement of the distal residual limb more than a cuff strap about
the proximal-distal and anterior-posterior axis during gait cycling (the
loading and unloading phases of gait).24 Elevated vacuum systems have
minimized pistoning when compared with pin and shuttle lock or suction
suspension.26,29

Figure 12

Photograph of a vacuum pump incorporated into
the prosthetic foot, with a lever that actuates the pump during
initial contact of each gait cycle on the amputated side.
(Adapted with permission from Össur.)

Figure 13

Illustrations of anterior (A) and posterior (B) views
of a patellar tendon–bearing prosthetic socket. The socket
squeezes pressure-tolerant tissues (red) while relieving
pressure-intolerant tissues (green). Pressure-tolerant areas
include the medial shaft of the tibia, lateral shaft of the fibula,
patellar tendon, posterior compartment, and redundant distal
tissue. Pressure-intolerant areas include the anterior tibial
tubercle, cut end of the fibula, cut end of the tibia, head of the
fibula, lateral tibial flare, medial and lateral distal hamstring
insertions, and the distal aspect of the patella.

To date, the methods used in research preclude direct comparisons
between suspension systems across studies. However, a general theme has
emerged that allows comparisons within studies. Pistoning is best
minimized using approaches that involve suction and elevated vacuum
systems and dual suspension (such as a knee sleeve and a pin). Pin and
shuttle lock systems appear to allow modest increases in pistoning
compared with atmospheric-based suspension systems but outperform
more traditional anatomic suspension techniques.

Socket Design
The transtibial socket design has constantly evolved and will likely
continue to change as new methodologies and material technologies are
discovered. The socket provides three principal functions, the first of

which is a rigid attachment to distal components such as a prosthetic foot.
The other two functions are analogous to the human skeletal system in that
the socket facilitates energy transfer between the patient and the action
point (such as the ground) and protects the residual limb from damaging
pressures and impact forces.
Irrespective of the final socket design, the initial step in fabricating a
transtibial prosthetic socket is to replicate the shape of the residual limb.
Traditionally, plaster molding is used for this, although progress has been
made in the clinical use of computer-aided design (CAD) and computeraided manufacturing techniques,35-37 including recent efforts using
MRI.38 After shape capture using plaster or computer software, the
positive model is modified according to one of three primary load designs:
a patellar tendon–bearing socket design, a total surface–bearing socket
design, or a hybrid design using elements of both.

Patellar Tendon–Bearing Socket
Patellar tendon–bearing socket designs are a more traditional design,
originally developed after World War II39-41 (Figure 13). Patellar tendon–
bearing designs are based on the principle that certain regions of the
transtibial residual limb are inherently more capable of tolerating increased
pressures without discomfort—the patellar tendon is one of these regions.
There is conflicting evidence as to whether the loading of the patellar
tendon effectively reduces pressure at other sites.41,42 When modifying
the positive model, regions that are capable of increased load are carved
out to increase pressure and the areas that cannot tolerate pressure are
relieved with plaster buildup (or digital buildups when using CAD). The
patellar tendon–bearing socket design was initially used with sock
interfaces, followed by foam interfaces. Thus, the patellar tendon–bearing
design is beneficial when gel liners are not used. The carved-out areas and
buildups may provide improved rotational stability; however, research to
support this assumption is limited.
Patellar tendon–bearing sockets are best used in patients who have a
long-standing history with such a design. Beyond that, the drawbacks of
using a traditional patellar tendon–bearing design should be considered.
Patellar tendon–bearing designs create regions of very high localized
pressure that can induce adverse limb changes such as callus formation
and skin breakdown,40,43 whereas other regions are subjected to pressure
levels far below their tolerances. This creates large, unnecessary pressure

differentials across the limb. In-socket pressures have been reported as
high as 220 to 400 kPa.43,44 By contrast, Goh et al45 reported peak
pressures of less than 70 kPa for a total surface–bearing socket.

Total Surface–Bearing Socket
The total surface–bearing socket design evolved with the advent of gel
liner interfaces in an effort to fully maximize the load-bearing surface area
of the limb by applying uniform pressure (Figure 14). With a total
surface–bearing design, the positive model is globally reduced, according
to the residual limb’s overall tissue density (increased reduction with softer
tissues). The total surface–bearing design applies constant pressure to the
gel liner, deforming it to accommodate the underlying anatomy of the
residual limb. CAD can be beneficial with this socket design because
global reduction is easy and accurate using the software. The total surface–
bearing design is also easier to use when shape capture and modification
are performed entirely using CAD and computer-aided manufacturing.
Although its use has surpassed the patellar tendon–bearing design because
of decreased pressure differentials and fewer negative changes to the limb,
strict total surface–bearing designs have become less common with the
emergence of hybrid designs.

Hybrid Designs
Hybrid designs use aspects of patellar tendon–bearing and total surface–
bearing sockets and have evolved to incorporate their collective
advantages. Although total surface–bearing designs reduce pressure
differentials, gel liners are limited in effectively reducing localized loads
on certain areas of the residual limb, such as the anterior distal tibia and
the fibular head. Thus, prosthetic concepts from patellar tendon–bearing
and total surface–bearing designs have been merged to create sockets that
combine global reductions with modest localized reductions and buildups
in load-tolerant and load-intolerant regions, respectively. In addition to
equalizing pressures across the entire residual limb, such hybrid designs
may provide some of the potential rotational control associated with
patellar tendon–bearing designs.
Hybrid designs adapted to the individual limb characteristics of each
patient should dominate modern transtibial prosthetic design. A notable
exception is the use of elevated vacuum suspension in which the negative
pressure generated by the pump pulls tissue into any relief or buildup made

in a patellar tendon–bearing or hybrid design and results in skin
breakdown. Total surface–bearing designs are generally recommended by
the manufacturers of elevated vacuum systems because of their lack of
localized buildups.

Residual Limb and Prosthesis Movement During
Gait
Measuring movement of the residual limb inside the prosthetic socket
during gait is a challenging problem and few studies have described this
movement.23,27,31,32 Some studies have focused on vertical pistoning
displacement;23,31,32 others have described translational and angular
movement.27,33 The evaluation of pistoning is highly dependent on
suspension and measurement technique, with reported values ranging from
approximately 5 to 40 mm.23,27,31,32,34 Angular movement of the residual
limb segment relative to the prosthetic socket in the sagittal plane ranges
from approximately 5° to 20°.27,33,34
Three studies have reported these movements over the entire gait
cycle, providing insight into residual limb and prosthesis dynamics during
gait31,32,34 (Figure 15). Initial contact begins with the limb positioned
posteriorly in the socket, resulting from the limb actively decelerating the
prosthesis during midswing to terminal swing. Through loading response,
the anterior distal portion of the cut tibia is driven distally and anteriorly
toward the anterior portion of the prosthetic socket as body weight is
accepted. This phenomenon explains the common report of pain and
irritation at the distal tibia just after initial contact.9 During terminal stance
and preswing, the residual limb is flexing and moving anteriorly (Figure
15) to create the necessary moment to load the prosthetic foot.46 At
preswing, the push-off forces used to propel the limb forward into swing
are limited to the passive recoil of energy stored in the prosthetic foot and
must be supplemented by the amputated limb pulling the prosthesis up and
forward. This differential between the limited push-off of the prosthetic
foot, the mass and inertia of the prosthesis, and the pull of the amputated
limb creates forces that tend to elongate both the residual limb and the
suspension system. Therefore, the residual limb moves proximally and
flexes relative to the socket during initial swing to start accelerating the
prosthesis up and forward. These movements peak at the end of the initial
swing. Midswing begins the deceleration of the prosthesis via posterior

translation of the residual limb relative to the socket (Figure 15).

Figure 14

Photograph of a total surface–bearing prosthetic
socket design that features less contouring, resulting in a more
rounded shape.

Residual Limb–Prosthesis Interface Control
Mechanisms
A novel challenge to movement control occurs when an amputation
requires an individual to use a mechanical device, such as a prosthesis,
between the residual limb and the environment. The neuromuscular system
controls the residual limb to create force couples (for example, moments or
torques) within the prosthetic socket to affect forces and movement at the
prosthetic foot.47 Recent research has demonstrated that the altered
coordination patterns recorded in the residual limbs of a prosthetic user are
related to the altered task of controlling the prosthetic socket.33

Figure 15

Illustrations of the movement of the residual limb
within the prosthesis relative to quiet standing with equal weight
on both limbs (initial condition). The black dots identify the knee
center and anterior distal tibia of the residual limb as they move
within the socket during gait. The crosshairs represent the initial
positions of these anatomic locations. The differences between
the crosshair and black dot indicate relative movement in each
portion of the gait cycle. Flexion of the residual limb segment
relative to the prosthetic socket indicates angular movement
that results in the knee joint center moving posteriorly relative
to the socket (movement definition). Movement between the
residual limb and the prosthesis occurs about multiple axes at
once (distal/proximal, anterior/posterior, flexion/extension),
particularly during the swing phase (bottom row). The
approximate axis of the residual limb–prosthesis pseudojoint is
the distal end of the residual limb (movement definition).

The nature of a human–prosthesis system creates a pseudojoint
between the residual limb and the prosthesis, because the prosthesis is not
directly attached to the skeletal system. Therefore, muscles in the residual

limb must control the residual limb–prosthesis pseudojoint with muscles
that do not cross this joint to control the end point (foot). Examples of this
altered coordination include use of the amputated gastrocnemius muscle in
accordance with its new functional role as a single joint knee flexor and
delaying rectus femoris activation to limit knee extension to reduce
pressure on the popliteal area of the knee and the anterior distal tibia when
necessary.33 These altered muscle coordinations suggest a motor control
paradigm whereby the limb-socket interface presents an additional
constraint, along with the task itself, that affects overall performance.
More intuitive constraints on the amputee-prosthesis locomotion
system, such as the prosthetic foot design,48-50 have similarly been
investigated. Wurdeman et al49,50 reported more natural gait patterns with
regards to stride-to-stride fluctuations when the neuromuscular system
used a foot with stiffness and dampening properties matched to the user’s
activities. Modifying the stiffness and dampening properties of a prosthetic
foot altered the neuromuscular control of the prosthesis during
locomotion.50 Similarly, it should be expected that modifying the limbsocket interface will create altered “motor adjustments.” Such
understanding is critical because it highlights the fact that the prosthesis is
not a mechanical substitute for the intact limb and will not produce the
same mechanics or movements as experienced by individuals with intact
limbs; such a goal may not even be desirable.
The interface control demonstrated in the lower limbs by prosthetic
users with transtibial amputation33 and in individuals with intact limbs
using specially designed ankle-foot orthoses designed to simulate the
residual limb–prosthesis mechanics51 also has been shown in the upper
limb regarding the use of tools.52,53 Similar to tool use in the upper limb,
the interface between the distal lower limb segment (residuum) and the
tool (prosthesis) are considered within the motor control to optimize
locomotor mechanics at the tool’s endpoint (prosthetic foot). Viewing
prosthetic use in the context of tool use changes the clinical paradigm
associated with this population. Clinical goals in rehabilitation currently
focus on minimizing gait deviations; however, the reality is that these
“deviations” are “motor adjustments” carried out by the motor system to
control a tool (such as a prosthesis). Examining prosthetic locomotion in
the context of tool use changes the clinical paradigm from attempting to
minimize “deviations” to one of understanding that this behavior is related
to control; this shifts the focus to improving function of the limb–

prosthesis system and represents a more person-centered view of
prosthetic design. Such a viewpoint also highlights the fact that a single
prosthetic design, including socket-interface designs, should never be
considered the best choice for all individuals.

Figure 16

Lateral (A) and AP (B) photographic views shows
endoskeletal components that allow many options to position
the prosthetic foot relative to the socket. These include angular
and translational movements about all axes.

Transtibial Alignment
Transtibial alignment refers to the location of the prosthetic foot relative to
the prosthetic socket (Figure 16). Modern prosthetic components (Figure
17) facilitate many methods of aligning the foot relative to the socket and
include angular (Figure 18) and linear adjustments in the coronal and
sagittal planes and toe in/toe out of the foot in the transverse plane. The
position of the foot relative to the socket combined with the stiffness of the

prosthetic foot and componentry sets up the mechanical interaction
between the residual limb and the prosthesis (Figure 19). Prosthetic
alignment is optimized based on typical movements performed by the user.
The prosthesis can be used for more than just ambulation (for example,
standing for long periods, running, turning, working in tight spaces, and
cycling); therefore, the specific alignment should be adjusted based on
feedback from the individual user to minimize discomfort and maximize
stability.
Prosthetic alignment can be broken down into two types—static and
dynamic. Static alignment is the initial or baseline alignment the
prosthetist selects before working with the user of the prosthesis. This
alignment varies based on the prosthetic foot and the recommendations of
the manufacturer. Prosthetic feet are produced with different stiffness
properties, and the manufacturer suggests baseline measurements that
optimize alignments based on these properties and gait performance over
level terrain. Static alignments represent a “best first guess” and allow
leeway for the prosthetist to make changes to optimize outcomes based on
the user’s concerns and abilities.

Figure 17

Photograph of modern prosthetic components,
which are modular and interchangeable to offer varied
alignment opportunities. The specifically designed male
pyramid (top row and left middle row) has angled sides and fits
into a female receiver (bottom row) that has four set screws.
Angular alignment can be changed by loosening a screw and
tightening the opposite side. Components can be used with
different offsets (top row and right middle row) to allow
translational adjustments. Transverse plane rotational

adjustments can also be made (bottom row).

Figure 18

Modern prosthetic components facilitate many
ways to align the foot relative to the socket. Photographs
demonstrate angular alignment changes made by loosening a
screw and tightening the opposite side.

Dynamic alignment requires the prosthetist and patient to work
together to arrive at an optimal alignment based on the patient’s
movements and preferences. When gait is analyzed, the prosthetist should
analyze the sagittal plane first followed by the coronal plane to minimize
the interactive effect of the coronal plane on the sagittal plane.54 The
prosthetist performs alignment changes based on visual gait analysis and
the user’s subjective feedback.55 This iterative process has drawbacks. The
subjective nature of the prosthetic user’s ability to perceive alignment
changes is good for angular adjustments, but not as good for translational
adjustments.56 In addition, the function of a prosthesis is based in large
part on the mechanical forces being assisted or resisted at the interface
between the residual limb and prosthesis; this cannot be seen through
observational gait analysis. Recent advances in prosthetic technology has
seen the advent of load cells mounted between the socket and pylon to
allow forces and moments to be calculated at this interface, which can then
be used to optimize alignments.46,57 Although these technologies have the
potential to improve clinical outcomes, they have not yet superseded the
traditional method of observational gait analysis in normal clinical
practice.

The Future of Transtibial Prosthetic Design
The discovery of new materials and the advancement of technology will
continue to drive the design of new transtibial prostheses. Several projects

are currently being undertaken to potentially enhance socket fit and
performance, advance the development of deformable prosthetic sockets,
improve prosthetic manufacturing, and improve moisture management
inside the prosthetic interface.

Enhanced Socket Fit
The fit of a prosthesis changes because the residual limb volume fluctuates
throughout the day while the socket retains its shape. A prosthetic socket
or liner system combined with some method to compensate for volume
changes could be advantageous. Early volume control designs have used
inflation or deflation of pneumatic58 or hydraulic bladders20 embedded in
the liner. These bladder-based designs continue to improve as researchers
develop better materials and creative methods to control these systems.
Other systems use varied compressions of pressure-tolerant regions with a
user-controlled cable-and-ratchet mechanism to compensate for volume
changes (Figure 20). Current designs should improve and new designs
should be developed as better technologies become available.

Actively Deformable Prosthetic Sockets
A prosthetic socket in conjunction with a socket-based sensor system, a
microprocessor, and actuators embedded inside the socket could be
designed to actively change its shape or stiffness properties during the gait
cycle. Such a feature could minimize movement of the residual limb
within the socket while improving control of the interface. The socket
could actively deform to preload the soft tissues of the residual limb and
prevent posterior translation and extension of the residual limb before
initial contact and ease the transition to midstance. The magnitude and
timing of socket deformation also could be modulated based on gait speed
and the terrain being negotiated. This type of actively controlled dynamic
socket would not eliminate movement within the prosthetic socket but
would enhance control of the device because the device would expend
energy to compress the soft tissue and facilitate better energy transfer
between the skeleton and the device. The development of actively
deformable prosthetic sockets will likely accelerate as research
laboratories find creative applications for shape-changing materials.

Improving Socket Design and Manufacturing
Traditional socket design relies on the skill of the prosthetist to understand

the anatomy of the residual limb and the intended use of the prosthesis.
Traditional manufacturing techniques are labor-intensive and require a
skilled technician for fabrication by hand. Future technology could design
prosthetic sockets based on medical imaging and computer modeling of
the residual limb. MRI provides a detailed three-dimensional image of the
residual limb with information about the surface and underlying anatomy.
This method of limb shape capture has been explored for creating sockets
with stiffness that varies based on the underlying anatomy.38

Figure 19

Photographs demonstrate how alignment affects
forces applied to the residual limb through the interface. The
red arrow indicates the full body weight distributed over the
center of the prosthesis. A perfectly aligned foot centers under
the weight line (A), minimizing loads on the residual limb. If the
foot is moved medially (B), loads increase on the proximalmedial and distal-lateral sides (stars) because of a moment
created in the frontal plane trying to rotate the prosthesis
counterclockwise.

The methods to rapidly produce prosthetic sockets may change with
advances in three-dimensional printing technology. Selective-laser

sintering uses a high-power laser directed at a powder medium. The laser
fuses the medium at specific points corresponding to a three-dimensional
shape designed using a CAD program. This technology is currently only
used for prototyping feet and novel socket designs that include compliant
and stiffer regions.36,37,59-61
Fused deposition modeling is a form of rapid manufacturing originally
applied to prosthetic sockets in the early 1990s.62 A machine was designed
to extrude a bead of semimolten polypropylene on the head of a computercontrolled milling machine in a continuous spiral that gradually formed the
contours of a socket, eliminating the need for a positive model. In the early
2000s, grant funding for that project ended. Development was continued
by another company in 2002 (Figure 21), resulting in considerable
refinement and further development. Sockets can now be manufactured,
cooled, and made ready for the patient in less than 3 hours. This new
machine has actively produced prosthetic sockets since 2012 and
represents the first successful implementation of rapid manufacturing
technologies into daily clinical practice.

Figure 20

Photograph of a prosthesis that uses socket
cutouts combined with a high-tension cable-and-ratchet system
to compensate for volume changes. The cutout portions move
in to compress the limb or compensate for volume changes as
the ratchet system tightens. This mechanical system allows the
prosthetic user to control socket tightness; however, the added
bulk, skill necessary to fabricate, and potential durability issues
associated with any cable-actuated mechanical system has
drawbacks. (Adapted with permission from RevoLimb.)

Moisture Management at the Prosthetic Interface
Gel liner interface systems are able to better protect the skin on the
residual limb from pressure and shear force but have the disadvantage of
high thermal insulation, resulting in subsequent sweating and potential
problems with skin maceration on the residual limb. Several promising
technologies offer methods to reduce limb temperatures, sweating, and
associated skin irritation. Systems under development can actively cool the

limb using airflow or by pumping chilled fluid through the interface. A
prosthetic liner designed to absorb large quantities of heat to maintain limb
temperatures has recently become commercially available.18

Figure 21

Photograph demonstrates rapid prosthetic
manufacturing using a fused deposition modeling machine.
(Adapted with permission from Prosthetic Design.)

Although these new technologies may be exciting, these devices and
concepts are still in the early phases of research or commercialization.
Successful clinical implementation will take time, and long-term testing is
needed. Many devices that show initial promise ultimately prove too
complicated or cumbersome for prosthesis users.

Summary
This chapter has discussed many of the prosthetic interfaces, sockets,
suspension systems, and motor control mechanisms currently available and
has reviewed alignment principles and potential new technologies. The
number of available technologies may seem challenging, but these options
also provide an opportunity to optimize the design to make a prosthesis as
unique as the individual using it. Through collaboration with other
members of the rehabilitation team and the patient, the prosthetist can help
ensure that technologies and devices are patient-centered. Prosthetic
design should be focused on the person using the device to optimize
benefits and minimize drawbacks based on how the device is used in an

individual’s daily life. The role of the prosthetist is to use his or her
knowledge to enhance the patient’s life during the initial rehabilitation
process and to remain aware of evolving technology so that new methods
can be adopted to provide optimal prosthetic care throughout the user’s
lifetime.
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Abstract
In the preanesthetic era, knee disarticulations were popular because they
allowed surgical efficiency and limited blood loss. Because of poor distal
soft-tissue coverage, limited prosthetic options, and poor functional
outcomes, this type of amputation fell out of favor in the early 1900s.
Prosthetic advances and modifications in surgical technique in the last 25
years of the 20th century resulted in resurgent interest in knee
disarticulation. Currently, knee disarticulation can provide excellent
functional outcomes in a select subset of patients with a traumatic injury and
those with oncologic conditions or infection who have a viable
gastrocnemius muscle and require amputation about or proximal to the knee
joint but in whom transtibial salvage amputation is not feasible. Similarly,
satisfactory outcomes can be achieved in many patients with diabetes and
vascular dysfunction who have low functional demands and limited
ambulatory potential.
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Introduction
Historically, knee disarticulation was advocated in the preanesthetic era
because of the efficiency of the procedure, the limited associated bleeding,
and because the technique does not violate the medullary canal.1,2 Various
skin flaps, including equal anterior-posterior, long anterior or posterior,
and sagittal flaps have been described and used;3 however, each of these
flaps consisted only of skin and subcutaneous tissue and lacked adequate
padding to permit routine end bearing on the terminal residual limb,
limiting the ability of the patient to successfully use a prosthesis.
The retention of the full femoral length represents both the principle
disadvantage and advantage of amputation at this level. The distal residual
limb can be bulky and some degree of knee-level discrepancy is generally
inevitable, but a stable, potentially end-bearing terminal residual limb is
created with a long lever arm and an intact native insertion for the
adductor magnus. Numerous revisions and modifications to the procedure
have been proposed to address its limitation while preserving at least some
of the advantages. Stokes4 advocated supracondylar amputation with
retention of the adductor insertion and fixation of the patella to the distal
femur. Mazet and Hennessy5 advocated trimming the medial, lateral, and
posterior condyles and removing the patella to decrease bulkiness;
Burgess6 advocated removing the distal 1.5 cm of the condyles and the
patella. More recently, Bowker7 combined the latter two techniques,
effectively achieving a long residual femur following transfemoral
amputation. Although each technique has its merits, none has gained
widespread use, potentially because each compromises the advantages of
knee disarticulation without fully addressing the shortcomings.
One prosthetic advancement and one surgical advancement in the late
20th century resulted in a renewed interest in knee disarticulation as a
common, or even preferred, amputation level for many patients. Lyquist8
introduced the Orthopaedic Hospital of Copenhagen prosthesis, which
featured a four-bar linkage polycentric knee joint that provided excellent
stability while reducing cosmetic mismatch and knee height discrepancy
because the shank folded under the socket when seated. Modernized

versions on this knee design remain popular today. Wagner9 described the
use of gastrocnemius muscle belly with sagittal skin flaps as terminal
padding to improve end-bearing comfort. Klaes and Eigler,10 as translated
by Bowker et al,11 first reported the use of a posterior myofasciocutaneous
flap incorporating the gastrocnemius muscles and leaving the perforating
circulation to the skin flap intact. Thus, knee disarticulation has been
rediscovered by modern, outcomes-oriented amputation surgeons for its
capability to restore stable, functional ambulation for many patients after
trauma or tumor resection.

Figure 1

Illustration demonstrating weight bearing after knee
disarticulation accomplished through direct load transfer (endbearing load transfer; red arrow) between the residual limb and
the prosthesis. A knee disarticulation allows more normal
proprioceptive feedback compared with the transosseous
(transtibial or transfemoral) amputation levels. Prosthetic socket
fit at this level is not crucial because the shearing forces that
occur in transosseous amputation levels are avoided.

Outcome Considerations
By retaining the weight-bearing femoral condyles and providing adequate
distal padding, the modern knee disarticulation allows residual limb weight
bearing without discomfort. The somewhat bulky nature of the terminal
residual limb facilitates enhanced socket fit and suspension, improving
sitting comfort by allowing the proximal socket trim lines to be kept out of
the groin and distal to the ischium. In addition, the intact adductor magnus
insertion obviates concerns about myodesis performance, stability, and
resulting adductor strength in those with amputation at the transfemoral
level. The physiologic cost of walking with a knee disarticulation is
midway between that of transfemoral and transtibial amputation levels.1214 Good results have been reported in many ambulatory patients after knee
disarticulation, with potentially decreased phantom sensation and residual
limb pain, as well as lower risk of revision surgery for complications such
as heterotopic ossification after high-energy trauma.15-17

Figure 2

Photograph demonstrates the walking stability of a
prosthetic knee joint with a polycentric four-bar linkage. A, The
virtual knee center of the prosthetic joint (red circle) is located
at a point that virtually ensures positioning weight bearing (blue

line) anterior to this axis, thus creating intrinsic knee joint
stability. The force vector attempting to buckle/flex the knee
joint (green arrow) remains anterior to the virtual knee axis,
creating intrinsic knee joint stability. B, Photograph
demonstrates knee joint stability during preparatory prosthetic
fitting and early gait training.

In addition, knee disarticulation improves the ability to transfer from
bed to chair and optimizes seating balance for low-demand or
nonambulatory patients with vascular pathology and diabetes. From a
biomechanical perspective, direct load transfer, or end bearing, is more
natural than in transfemoral or transtibial amputations, allowing potentially
enhanced feedback and proprioception during upright activities11,18,19
(Figure 1).
Prosthetic fitting of a patient with a knee disarticulation can take
advantage of the four-bar linkage polycentric knee joint that provides
intrinsic knee joint stability, decreasing the risk for stumbling and falling
while minimizing knee-level discrepancies20-23 (Figure 2). This enhanced
intrinsic knee joint stability becomes important when the minimally
ambulatory patient with unilateral transtibial amputation requires
contralateral amputation. Such patients generally have limited prosthetic
goals, making stability during walking even more crucial. When knee
disarticulation is performed on the contralateral limb, these individuals
demonstrate enhanced stability on that limb without an apparent loss of
walking propulsion.19
Knee disarticulation has a valuable role in the treatment of patients
with diabetes or a high body mass index who have renal failure and
residual limb volume fluctuations caused by venous insufficiency and/or
neuropathic swelling. Volume fluctuations make it difficult to achieve a
successful prosthetic fitting after transtibial amputation. The end-bearing
capacity of a knee disarticulation allows a less intimate prosthetic socket
fit, with a volume-adaptable socket to allow functional ambulation (Figure
3). Wound complications associated with transtibial amputation in this
population can be as high as 15% to 30%.24 In addition, the shear forces
applied to the healing residual limb from transtibial amputation can be
avoided by the end-bearing load transfer of knee disarticulation.

Figure 3

A, Photograph of the residual limb of a morbidly
obese patient after a knee disarticulation. The patient had renal
failure that resulted in substantial volume fluctuations during the
day. Anterior (B) and lateral (C) photographic views of a
volume-adaptable prosthetic socket that allows direct load
transfer and functional weight bearing.

Despite the beneficial rehabilitation potential of knee disarticulation,
many patients are not suitable candidates for the procedure after trauma,
tumor, or infection. Although salvage at a transtibial level is practicable,
the native gastrocnemius muscles are compromised or absent, and/or the
disease process involves the knee joint or distal femur, and more proximal
transfemoral amputation is required. Knee disarticulation is commonly
indicated in the patient with diabetes and vascular dysfunction who has the
biologic potential to heal after amputation at the transtibial level, but who
will be unlikely to achieve walking independence with a prosthetic limb.
Knee disarticulation avoids the commonly observed knee flexion
contracture associated with the nonambulatory transtibial amputee and hip
flexion-adduction contracture observed in the nonambulatory transfemoral
amputee. Functionally, the amputee with a knee disarticulation who
primarily sits in a wheelchair has a greatly improved platform for sitting
and a longer, more functional lever arm for transferring from bed to
wheelchair compared with the transfemoral amputee (Figure 4).

Preferred Surgical Technique of This Chapter’s
Authors
Wagner9 reestablished a modern role for knee disarticulation using sagittal
flaps to preserve vascular supply, with the use of relatively short flaps in
patients with dysvascular conditions. Although this was a reasonable

intellectual concept, the flap construct resulted in a substantial incidence of
skin necrosis caused by separation of the muscle and skin layers of the
soft-tissue envelope. A practical solution was achieved by using the
traditional posterior gastrocnemius myofasciocutaneous flap popularized
by Burgess after World War II, a technique that was familiar to amputation
surgeons.6,25
A thigh tourniquet is advocated and generally inflated to 100 mm Hg
above the systolic pressure to avoid excessive bleeding and improve speed
and visualization. The anterior incision is placed midway between the
inferior pole of the patella and the tibial tubercle. The length of the
posterior flap is equal to the diameter of the limb at the level of the knee
joint, plus at least 1 cm; this flap can be shortened at the time of closure if
it is too long or redundant. In transtibial amputation, the width of the flap
varies based on the size of the patient and the diameter of the limb.
Initially using a flap that is too wide is preferred because trimming at the
conclusion of the procedure is simple and avoids an inadequate amount of
tissue or a closure that is too tight. The incision is carried down to the level
of the fascia circumferentially, the saphenous vein is ligated, and a traction
neurectomy of the saphenous nerve is performed.
Medial and lateral incisions are then made along the patellar tendon
from the tibial tubercle proximal to the inferior pole of the patella. The
patellar tendon is sharply detached from the tibial tubercle, retaining as
much length as possible for the reconstruction. The knee joint retinaculum
is transected circumferentially with a scalpel for approximately 50% of the
circumference of the knee joint. The anterior cruciate ligament is sharply
detached from its tibial insertion, allowing subluxation of the anterior tibia,
facilitating completion of the capsular release. The posterior cruciate
ligament is then detached from the tibia.
A flap can easily be created with blunt dissection between the
gastrocnemius and soleus muscles, which allows isolation and provisional
clamping of the popliteal artery and veins. The amputation is completed
before the tourniquet is released. The artery is double-ligated with a suture
ligature and a simple ligature. A suture ligature is used to prevent arterial
pulsation from dislodging the ligature; the veins are ligated with simple
ligatures. The tibial and common peroneal nerves are identified and
isolated, and proximal traction neurectomy is performed with gentle
tension and a fresh scalpel blade, cushioning the resulting neuromas
between the hamstring musculature in the proximal popliteal fossa away

from the terminal residual limb. The medial sural cutaneous nerve is
identified within the fascia of the posterior flap, and a more aggressive
mobilization and proximal traction neurectomy are performed. This allows
the nerve to retract into the popliteal fossa. This technique prevents
neuromas from causing symptoms near the incision line (if no neurectomy
is performed) or over the terminal residual limb’s weight-bearing cushion
of the gastrocnemius muscle (if a more standard, gentle neurectomy is
performed).

Figure 4

Photographs of a patient after a bilateral
transfemoral amputation demonstrate a small platform for
sitting in a chair (A) and an inefficient lever arm for transferring
from a bed to a chair (B). C, Photograph of a patient after
bilateral knee disarticulation showing a balanced sitting
platform and an improved lever arm for bed-to-chair transfer.
(Part C courtesy of John H. Bowker, MD).

The patella can be removed or retained at the discretion of the surgeon,
but the authors of this chapter generally retain it to improve sagittal
prosthetic suspension and stability and to avoid creating further dead space
within the nascent residual limb. With adequate distal patellar tendon
stabilization at closure, excessive motion and symptomatic patellofemoral
arthrosis are uncommon, and formal patellofemoral arthrodesis is
unnecessary.26 Short medial and lateral splits along the medial and lateral
extensor retinaculum facilitate suprapatellar synovectomy. Anecdotally,
this eliminates the continued production of synovial fluid and accelerates
the scarring of the quadriceps, patella, and patellar tendon.
After tourniquet release, hemostasis is achieved with electrocautery

and/or with suture ligatures as necessary, and the wound is irrigated.
Closure is initiated by repairing the patellar tendon to the stumps of the
cruciate ligaments with a double row of heavy nonabsorbable suture
(Figure 5). The medial and lateral hamstring tendons may be tacked to an
adjacent joint capsule or the gastrocnemius tendons proximally. Surgical
drains, if indicated or preferred, may be placed within the suprapatellar
pouch or deep to the gastrocnemius muscles over the distal femur.
Subcutaneous drains are not necessary or indicated; anterior and
posterior skin flap separation from the extensor retinaculum and
gastrocnemius, respectively, should be avoided. A buried, heavy
nonabsorbable suture is then passed from the midline of the posterior
gastrocnemius fascia to the proximal patellar tendon to anchor the terminal
padding. The posterior gastrocnemius fascia is then repaired to the anterior
knee joint retinaculum (which was transected at the beginning of the
procedure) with figure-of-8 stitches and absorbable suture. Skin closure is
accomplished with nylon sutures, with or without small, buried absorbable
dermal sutures.11 The goal is a robust, viable closure providing ample
stable distal residual limb padding for early end bearing.

Alternative Surgical Technique
One valuable lesson learned from the Lower Extremity Assessment Project
(LEAP) was that poor results occur after knee disarticulation when the
amputation is performed within the zone of injury and the soft-tissue
envelope created does not have viable gastrocnemius muscle to act as a
cushion.27 Orthopaedic techniques that focus on damage control
emphasize delaying further insult to a traumatized limb until the zone of
injury has fully declared itself and stabilized. In amputation surgery,
creation of a definitive soft-tissue envelope should be delayed until the
zone of injury recovers. In the dysvascular limb of a patient with diabetes,
best results are achieved when sufficient viable muscle exists to create a
functional soft-tissue envelope.

Figure 5

A, Illustration of a posterior myocutaneous softtissue flap in a knee disarticulation, which is similar to the
commonly used transtibial amputation flap. The anterior
incision is made midway between the inferior pole of the patella
and the tibial tubercle. The flap length is equal to the diameter
of the limb at the knee joint plus 1 cm. B, Photograph shows
knee disarticulation before wound closure. C, Photograph
demonstrates the patellar tendon secured to the stumps of the
cruciate ligaments with heavy nonabsorbable suture.

Figure 6

Photograph shows a trauma patient without
adequate remaining gastrocnemius muscle to provide a weightbearing end pad for a functional knee disarticulation. This
patient would be better treated with transfemoral amputation.

Débridement of nonviable tissue should be the first step in creating a
viable, functional residual limb. After débridement, the surgeon may be
left with nontraditional soft-tissue flaps for the creation of the soft-tissue
envelope. After definitive amputation, the residual limb should have a
durable myocutaneous soft-tissue flap if the goal is prosthetic fitting and
functional ambulation. Although exceptions and creative modifications are
possible, the authors of this chapter generally do not advocate knee
disarticulation as the definitive amputation level for patients lacking a

viable gastrocnemius muscle and overlying skin adequate for terminal
padding (Figure 6). Such patients may be better served with a
transfemoral or Gritti-Stokes amputation. After a well-performed
transfemoral amputation with suitable and sufficient tissue to create the
soft-tissue envelope, the residual limb will be more functional than after a
knee disarticulation in which there is no muscle to provide a robust,
cushioned soft-tissue envelope.

Rehabilitation
A compression dressing or rigid plaster dressing can be used, depending
on the experience and preference of the surgeon. As with all lower
extremity amputations, mobilization, core strengthening, and aerobic
conditioning should commence postoperatively as soon as the patient’s
condition permits. Early ambulation without a prosthetic limb allows easy
transition to weight bearing when permitted by wound healing. Because
shearing forces are avoided, preparatory prosthetic limb fitting can be
initiated as soon as the soft-tissue envelope and surgical wound appear to
be secure. Based on the viability of the soft-tissue envelope, a safe practice
is to initiate preparatory prosthetic limb fitting with a volume-adaptable
socket as early as 2 weeks after surgery.28 Full weight bearing can be
achieved as early as 4 weeks postoperatively for previously healthy
patients who underwent surgery for tumor or trauma, whereas the
rehabilitation progress of patients with diabetes and vascular dysfunction
tends to proceed more slowly.

Managing Complications
Wound infections should be treated with early débridement. Vacuumassisted wound closure and secondary wound closure are reasonable
options. The key to success is the viability of the muscle flap and adequate
skin coverage. Coverage of wounds with split-thickness skin grafts is
generally avoided because of the poor durability of the resultant residual
limb, but it can be successful over viable muscle. Skin grafts performed
over exposed fascia, tendon, or periosteum are susceptible to frequent
breakdown and should prompt consideration for more proximal revision.
In certain circumstances, modern silicone sleeves can act as an interface to
allow weight bearing in areas with suboptimal soft-tissue coverage.
Heterotopic ossification and symptomatic neuromata are usually less

problematic after successful knee disarticulations in appropriately selected
patients.

Summary
Knee disarticulation is an accepted surgical option in appropriately
selected patients. A successful knee disarticulation can provide excellent
healing, resulting in a durable, functional residual limb in young, active
patients and older, sedentary patients. Modern sockets and newer
prostheses, including those with modern four-bar linkage, microprocessorcontrolled components, and power knees, have improved functional
outcomes and decreased cosmetic concerns regarding knee-level
discrepancy for most patients. Patient selection and the viability of the
gastrocnemius-based posterior myofasciocutaneous flap are crucial to a
successful knee disarticulation.
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Abstract
Although knee disarticulation represents a relatively small percentage of
lower limb amputations, it continues to be a topic of controversy among
surgeons, prosthetists, and patients compared with higher transfemoral
levels of amputation. Knee disarticulation is most successful when there is
adequate soft-tissue coverage over the residual limb and end load-bearing
capability and rotational control can be provided. Socket designs,
components, prosthetic alignment, and rehabilitation are generally closely
linked to the presence or absence of these characteristics.
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Introduction
It is estimated that patients with a knee disarticulation (through-knee
amputation) represent 2% or less of the overall amputee population in the
United States.1,2 In other countries, the knee disarticulation population
may be as high as 24%.3 This amputation level is characterized by distinct
advantages and disadvantages relative to the more commonly performed,
more proximal transfemoral amputation levels.4 The residual limb is

subjected to less bony and muscular disruptions, yielding more balanced
muscular control at the hip and a limb that is generally capable of load
bearing at the distal end. In addition, the distal bony contours often lend
themselves to anatomic suspension of the prosthesis. However, the length
of the residual limb precludes the ability to match the knee center of the
prosthesis to the anatomic knee center, creating functional and aesthetic
considerations.

Clinical Considerations and Outcomes
The chief benefits associated with knee disarticulation prostheses
compared with more proximal transfemoral prostheses are comfortable
distal loading through the articular surface of the distal femur; improved
control with the long lever arm of the residual limb; and the bulbous shape
of the distal femur, which enables anatomic suspension by virtue of the
widening of the femoral condyles (Figure 1). When the prosthesis is not
being worn, comfortable kneeling is possible. This is particularly
important for an individual with a bilateral lower limb amputation who can
benefit greatly if either or both residual limbs provide improved sitting
balance, assist with transfers, and enable limited “knee-walking” without
prostheses. Most of the prosthetic benefits of this amputation level depend
on the intact bony anatomy of the femur and the presence of a good,
comfortable, scar-free soft-tissue envelope surrounding the distal femur.
When both conditions exist, it is possible for the prosthetic socket brim to
be located well below the level of the ischial tuberosity (Figure 2). With
the ischium free of the socket, sitting comfort and freedom of hip motion
can be improved. This characteristic is particularly beneficial to
individuals with bilateral amputations. However, proximal tissues should
still be monitored and contained as necessary to prevent the progressive
development of proximal tissue bunching (Figure 3). In general, the
individual using a knee disarticulation prosthesis should have function
similar to or better than that of an individual wearing a transfemoral
prosthesis.5 Walking speed may be faster, oxygen consumption lower, and
donning the prosthesis a bit easier.6 Patients who are healthy enough to
run can often do so with the appropriate prosthesis, training, and practice.

Figure 1

Photograph of a knee disarticulation with the
characteristic bulbous distal shape.

Figure 2

Photograph of the proximal aspect of a knee
disarticulation prosthesis with characteristically lowered

proximal trim lines ending well distal to the ischial tuberosity.

Figure 3

Photograph of a knee disarticulation socket in
which the proximal medial tissues have been poorly managed
and contained, resulting in localized tissue bunching. (Courtesy
of Kevin Carrol, MS, CP, FAAOP, Orlando, FL.)

Figure 4

Anterior (A) and lateral (B) photographic views
showing the relatively longer thigh segment and a lower
prosthetic knee joint commonly seen in an individual with a
knee disarticulation prosthesis. In this case, the user’s active
lifestyle warranted a durable hydraulic cylinder that was chosen
by the patient in spite of the resultant asymmetries in limb
lengths.

Disadvantages of knee disarticulation prostheses are generally
associated with the bulbous nature of the femoral condyles. This can result
in a bulky appearance of the thigh segment of the prosthesis. In addition, a
relatively longer thigh segment and a lower prosthetic knee joint may
result from the limited space below the long, intact femur (Figure 4).
Other reasons for rejection can be a painful patella, pain, or skin
breakdown over bony areas.7 Therefore, the characteristics of this
amputation level that are beneficial might also be problematic.
Many of the benefits associated with knee disarticulation are lost if the
soft tissue covering the femur is insensate, severely scarred, or otherwise
not tolerant of load-bearing forces. To ensure a stable, well-padded distal
end, surgeons have recommended that, when possible, posterior calf skin
and gastrocnemius muscle bellies should be used to close a knee
disarticulation.8 Regardless of the surgical technique, it is not possible to
predict all complications, and the ability of the residual limb to tolerate the
forces of ambulation may be compromised by poor wound healing. An

imperfect soft-tissue envelope may be somewhat mitigated in the
prosthesis by the use of gel interfaces and end padding. In some instances,
if the residual limb is not able to provide end weight bearing, revision to a
higher level may be indicated.9 Alternatively, the prosthesis may require a
proximal brim similar to that used in transfemoral socket designs to
provide proximal weight bearing and offload the distal end of the femur
(Figure 5).
Unique implications of knee disarticulation for children include the
avoidance of bony overgrowth that can occur with transfemoral
amputation and the option of surgical epiphysiodesis to create an
intentional limb-length discrepancy in the residual femur and enable more
space for prosthetic components. Knee disarticulation appears to be most
beneficial for children when a more distal level amputation is not possible;
for patients with cancer or trauma when the entire femur is intact and can
be closed with good, load-tolerant tissue; and for patients with bilateral
amputations for the reasons previously mentioned.

Primary Socket and Suspension Approaches
When a patient presents with a knee disarticulation that is healed and ready
for prosthetic fitting, the prosthetist will first obtain the patient’s history
and evaluate the strength, range of motion, tissue consistency, and loadbearing tolerance of the limb as well as the patient’s ability to don one or
more of the various socket designs appropriate for this amputation level.
When examining the residual limb and designing the socket, the prosthetist
should determine how best to take advantage of the distal loading capacity
of the femur. The presence or absence of the patella should be noted,
because the area may require relief or protection from excess pressure in
the socket.
Historically, the use of a self-suspending prosthesis, which takes
advantage of the narrowed bony dimensions just proximal to the femoral
condyles, has been common. However, some patients may not tolerate this
option. Alternatively, limbs that are very muscular or have excess soft
tissue may preclude the fabrication of a socket that is capable of gaining
sufficient grasp above the condyles. In addition, patients who had knee
disarticulation surgery as children may not have the bulbous lower femur
associated with this amputation level in adulthood; this would preclude
self-suspending designs.

More recently, advances in interface materials have facilitated suction
suspension techniques at this amputation level that allow comparatively
less pistoning movement of the limb within the socket.

Anatomic Suspension Options and Considerations
Although socket designs for a knee disarticulation level may be as
unlimited as the imagination of the designer, there are several basic socket
(and inherent suspension) approaches that are commonly used by
prosthetists. When distal loading capacity and a preference for anatomic
suspension above the femoral condyles are present, the following are some
of the most common socket and suspension types: a leather lace-up thigh
corset with outside metal hinges, a medially opening “door,” a removable
inner foam liner with buildups for suspension, and an expandable inner
bladder.
The anterior lacing leather socket is now used only rarely in the United
States, but this option is still common in many countries (Figure 6). It is
particularly useful when other materials are limited or there is local
familiarity with the technique. The overall effectiveness of the design is
still worthy of consideration. The leather can be made from measurements
of the patient or, preferably, shaped over a positive model. Leather can be
very comfortable, but some patients find it unsatisfactory because of poor
durability or hygiene problems. Other materials, such as flexible resins or
thermoplastic, can be substituted for the leather. Generally, a lengthwise
anterior opening in the thigh corset enables the passage of the wide
femoral condyles.10 The prosthesis is then suspended as the individual
uses laces, a fabric hook-and-loop fastening system, or some other fastener
to tighten the corset around the thigh. Distal padding is recommended,
either inside the socket or beneath the flexible socket material.
Traditionally, this design has included single-axis outside metal
parasagittal hinges riveted to the leather socket and bonded below to an
exoskeletal shin. Preferably, the joints include ball bearings. Importantly,
they generally do not have friction settings, nor do they typically have
fluid control for active patients who might benefit from hydraulic
resistance. The joints are aligned with their axis at the level of the opposite
knee joint, allowing the prosthetist to more closely match the anatomic
knee joint center. However, the single-axis hinges used for this amputation
level can be bulky, noisy, and require frequent maintenance. Such hinges

require a stout posterior check-strap (often made of leather and a synthetic
polyester fabric). This is fastened between the thigh and shin to decelerate
the knee during terminal swing phase, to spare the extension stops of the
joints from excessive cyclical loading, and to reduce the noise created
from full engagement of the metal joint stops. Unchecked, the hinges will
wear quickly, gradually hyperextend, and eventually break. It is possible
for variations of the thigh corset design to be combined with modular
knees and components.

Figure 5

Posterior photographic view of a left knee
disarticulation socket for a patient who was incapable of full
distal end load bearing. The transfemoral brim shape provides
some degree of proximal weight bearing.

In a related technique, sockets with a removable “door” or “window”
that can be opened to allow comfortable passage of the condyles and then
closed to create suspension are more commonly used today. The opening
is usually located medially, where it is more cosmetic and easier for the
patient to reach, but it could be positioned on either side of the socket. This
design is generally made over a positive modified model of the residual

limb. A test socket is often used to determine the length and width of the
opening, usually just large enough to allow donning. When the finished
plate is fastened snugly, the prosthesis suspends above the femoral
condyles. One advantage of this socket style is that it can more closely
match the sound side without unnecessary bulk. However, it can be
difficult to fabricate without a gap between the socket and the closed
“door,” and difficult to build up and shape cosmetically. This style of
socket works best for mature and stable residual limbs with prominent
femoral condyles.10

Figure 6

Lateral (A) and anterior (B) photographic views of
an anterior lacing leather corset-style socket with single-axis
outside metal hinges. (Courtesy of Kevin Carroll, MS, CP,
FAAOP, Orlando, FL.)

Another common socket design in current use requires a soft foam
liner to be fabricated over the modified model. The liner is made of
polyethylene closed-cell foam, commonly known as pelite. The liner can
be relatively short, extending proximally only to the point where the
patient’s thigh circumference is equal to the circumference of the femoral
condyles. Alternatively, the liner may extend the full length of the socket
for additional proximal padding and to make donning and doffing easier.
For either type of liner, the prosthetist or technician adds and blends layers
of foam to the liner until the liner is cylindric enough to pass through the
uniform diameter of a rigid external socket. After the prosthesis is donned
by the patient, it will suspend by a combination of surface tension and
compression above the femoral condyles. In many instances, the liner will
need to have a strategically located slit in it so that the patient can first don
a prosthetic sock, then the liner, and finally a thin sock or sheath to allow
the liner and limb to be pushed into the socket. Designing such a socket
requires the skills of an experienced prosthetist. Depending on the shape of
the femur and the surrounding soft tissue, the presence or absence of the
patella, and individualized patient comfort factors, the finished liner may
be thicker in some dimensions than others. A variation of a liner with a
buildup is a shaped medial pad that is worn between sock combinations
over the residual limb to create a more cylindric shape that can slide into
the socket.
A disadvantage of foam liners and suspension pads is that the overall
shape of the finished socket is more bulky and cylindric and may be less
cosmetically acceptable to some patients. Because these types of liners are
highly customized, they are more difficult to replicate or replace if
damaged or lost.
When the femoral condyles are not overly bulbous or prominent, they
may be pushed through a socket that includes a flexible inner bladder. The
bladder is generally made of silicone or another elastomer but may also be
fabricated from thin, flexible thermoplastic. These designs have an outer
rigid socket (for strength, cosmesis, and attachment to the prosthetic knee),
with a void between it and the inner flexible socket. A strong attachment is

generally needed between the distal end of the flexible socket and the
surrounding outer socket so that the system will tolerate repetitive use
without turning inside out when the individual attempts to remove the
socket. Modern variations may use flexible thermoplastic inside a rigid
socket frame; the thermoplastic can stretch for donning and doffing.

Suction Suspension Options and Considerations
Although anatomic suspension has an established history in the prosthetic
management of individuals with knee disarticulation, its use has
progressively lost favor, particularly among adult patients. Anatomic
suspension requires a very intimate socket fit proximal to the femoral
condyles, which can lead to localized atrophy over time (Figure 7).
Subsequent sockets must become progressively narrower proximal to the
condyles, creating still greater amounts of localized atrophy. This
progressive localized loss of soft tissue makes anatomic suspension
increasingly less comfortable, and patients are often eager to try alternative
socket approaches. In addition, anatomic suspension methods always allow
some degree of pistoning within the socket, a disruptive movement that
compromises the patient’s confidence in the security of the prosthesis
connection and can create localized pressures at the distal aspect of the
limb.
The use of liner-based suction suspension techniques will generally
improve the prosthesis connection and reduce cyclical impact trauma to
the limb. When available, these approaches have become increasingly
preferred by prosthetists and patients.
Gel liners in combination with an air-expulsion valve or a low-profile
lanyard strap offer a modern alternative to other forms of suspension.
Liners made of silicone, urethane, or mineral oil–based thermoplastic are
commonly used as protective interfaces for transtibial, transfemoral, and
many upper limb prostheses. With knee disarticulations, the long residual
limb length usually precludes use of a distal pin-and-lock mechanism
because the resulting knee center would be very low. Strategies to avoid
this include suction sockets that suspend through the use of various
circumferential membranes that create a proximal air seal and act in
concert with a distal air expulsion valve (Figures 8 and 9), or a low-profile
lanyard (or strap) that exits the socket distally through a narrow channel
and fastens laterally.

However, a more bulbous distal residual limb will require a strategy to
enable the socket to be applied and removed easily. Gel liners for knee
disarticulation prostheses may be custom-made liners with built-in extra
gel both distally and above the condyles to enable the limb and liner to
enter the socket. Gel liners can add weight and bulk and increase expense.

Figure 7

Photograph of a knee disarticulation residual limb
that has experienced progressive localized atrophy proximal to
the femoral condyles over time. (Courtesy of Kevin Carroll, MS,
CP, FAAOP, Orlando, FL.)

Figure 8

Photographs of a knee disarticulation and liner and
suspension options. A, Residual limb after knee disarticulation.
B, The residual limb with a noncovered silicone cushion liner
and a sealing sock with a silicone sealing ring. The sealing ring
engages against the inner surface of the socket creating a
proximal air seal. C, A distal one-way air valve allows air to exit
the system, creating suction suspension.

Figure 9

Photographs of knee disarticulation liner and
suspension options. A, Residual limb after knee disarticulation.
B, The residual limb with a covered thermoplastic elastomer
cushion liner. C, The limb is inserted in a socket with a remote
distal one-way air valve. D, The proximal aspect of the liner is
reflected over the proximal brim of the socket. E, A sealing
sleeve is rolled over the reflected liner, creating the proximal
seal of the suction suspension.

Waist belts, Silesian belts, and total elastic suspension belts can be
used for primary or auxiliary suspension of knee disarticulation prostheses.

Component Considerations
Although all categories of knee mechanisms may be used with knee
disarticulation prostheses, only a few polycentric knees are designed
specifically to address the issue of a long thigh. The long and bulky
residual limb often means that knee options are limited, unless a lower
knee center on the prosthesis is acceptable to some degree (Figures 4 and
5). The prosthetist and clinic team should assess the patient’s capacity for
walking, variable cadence, traversing uneven ground, hiking, jogging, and
running. The knee that is the best match and will create the least knee
center discrepancy can be selected.
For individuals with bilateral knee disarticulations, the lowered knee
center does not generally pose a problem. If the condition is related to a
congenital deficiency or occurred early in life, it may be avoided
completely through surgical arrest of the affected femoral epiphysis at the
appropriate age. As with the transfemoral amputee, individuals with a knee
disarticulation who demonstrate variable walking speeds would benefit
from fluid-controlled knees; however, very few fluid-controlled knees are
designed for this level of amputation. Most options will result in a lowered
knee center (Figures 4 and 5).

Figure 10

Extended (A) and flexed (B) photographs of a
polycentric knee designed for a knee disarticulation prosthesis.
This knee adds only minimal length to the thigh and allows the
shin of the prosthesis to “fold” beneath the distal socket and

behind the thigh when the patient sits.

Outside hinges and their drawbacks have been previously discussed.
Single-axis knees offer multiple control options, including hydraulic,
pneumatic, friction, and microprocessor control. Most manufacturers offer
a specific adapter to enable their knee joint to be used with a long
transfemoral amputation; however, with knee disarticulation the use of
these adapters will still result in a knee center that is lower on the
prosthetic side (Figures 4 and 5). In many instances, because of the
increased function enabled by certain single-axis knee designs, the
resultant discrepancy (which may be as much as several inches) may be
acceptable to the patient. In general, knees used for this long amputation
level allow only limited adjustability, and there is not enough space for
any optional components (such as rotation adapters) between the socket
and the prosthetic knee.
Polycentric prosthetic knees are widely used for individuals with
transfemoral amputations, as well as for those with knee disarticulations.
Because the instant axis of rotation in these knees is usually located above
and behind the end of the residual limb, polycentric knees offer greater
stability than a simple single-axis knee. However, stability is not a
common problem for individuals with knee disarticulation because the
long lever arm and intact thigh musculature usually mean the user will
have good strength and active control of the prosthetic knee joint.
Polycentric knees specifically designed for the knee disarticulations are
preferred not so much for their stability, but because they match knee
centers more closely, add only minimal length to the thigh, and allow the
shin of the prosthesis to fold beneath the distal socket and behind the thigh
when the individual sits (Figure 10).
Almost any prosthetic foot that can be matched to the individual’s
activity level, size, and weight and can meet realistic goals may be used
for a knee disarticulation prosthesis. To reduce wear and tear on the
prosthetic knee joint, as well as on the bony anatomy of the intact distal
femur, the prosthetist may recommend a flexible keel foot or a flexible
keel foot with torque absorption.11
Cosmetic finishing of a knee disarticulation prosthesis can be
challenging. The already bulky socket may mean that soft foam covers are
often so thin around the thigh that they are very difficult to attach and have
poor durability. Polycentric knees, in particular those with four-bar

linkages designed for this level, will often cause the shin section to shorten
during knee flexion. This may aid toe clearance during the swing phase,
but it can be a cosmetic drawback when the patient is seated because the
prosthetic shin will appear to be shorter than the sound side. It is hoped
that these drawbacks are offset by the benefits of a longer residual limb,
greater voluntary control of the prosthetic knee, and tolerance of distal
loading.

Alignment Considerations
Prosthetic alignment for knee disarticulation prostheses is quite similar to
alignment of transfemoral prostheses, but with a few pertinent
considerations. In patients with knee disarticulations, the load is generally
applied to a great degree through their distal femoral condyles when
standing or ambulating. In contrast, a patient with a transfemoral
amputation cannot tolerate loading through the distal transected femur,
which requires forces to be concentrated proximally and medially under
the ischial tuberosity of the pelvis. In those with a knee disarticulation, the
fulcrum of the residual limb/socket interface is located more distally and
laterally.12 This is particularly apparent (in the coronal plane) during
single limb stance on the prosthesis when the forces transferred through
the socket are concentrated on the medial aspect of the patient’s upper
thigh and distal lateral femoral condyle. For this reason, the proximal
medial brim of the knee disarticulation socket should be designed with
gentle flares, flexible material, or some other means of comfortably and
evenly distributing forces in this area (Figure 11). If the medial brim is
uncomfortable, the prosthesis can be aligned with relative outset of the
supporting prosthetic foot. With this caveat, users of a knee disarticulation
prosthesis can generally tolerate a more anatomic design, including normal
femoral adduction and relative inset of the foot.

Figure 11

Photograph of a knee disarticulation socket with a
comparatively wide flexible brim that reduces the localized
forces that would otherwise be experienced at the proximal
medial brim.

Patients with knee disarticulations generally have good hip strength, so
their prosthetic knee center does not need to be extremely stable. Although
rare, the presence of hip flexion contracture (or a contracture in any plane)
is much more difficult to accommodate at this level without it being very
apparent and negatively affecting cosmesis. The longer limb and tolerance
of distal pressure may mean that the contracture can be reduced more
easily over time through physical therapy and prosthesis use.

Summary
Knee disarticulation can offer outstanding results when a well-padded,

sensate, and nonscarred soft-tissue envelope is present. Prosthetic fitting
challenges at this level are generally related to the bulbous femoral
condyles and long length of the residual limb. Prosthetic advantages of this
level include suspension over the femoral condyles and distal loading.
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Transfemoral Amputation:
Surgical Management
Frank Gottschalk, MD

Abstract
To maintain femoral alignment that is close to normal, it is necessary to
consider the biomechanics and surgical technique of transfemoral
amputation. Muscle preservation and myodesis of the adductor magnus
muscle is necessary for maintaining muscle tension to hold the femur in its
anatomically adducted position. Adductor magnus and quadriceps muscle
myodesis over the end of the femur also provides an adequate soft-tissue end
pad to reduce discomfort and improve the likelihood of successful prosthesis
use. Developing appropriate soft-tissue flaps allows uncompromised wound
healing and early mobilization of the patient. Various wound care options
help reduce healing problems.
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management; surgical technique; transfemoral amputation
Dr. Gottschalk or an immediate family member is an employee of Biogen
Idec and has stock or stock options held in Pfizer, Zimmer, and Biogen
Idec.

Introduction
Transfemoral amputation often is necessary in patients who have
nonreconstructible peripheral vascular disease, diabetic foot infection,
severe lower limb trauma, or, less commonly, a massive infection or a
tumor that cannot be treated with intercalary resection. In these patients,
amputation at a level below the femur is unlikely to heal. The incidence of
lower limb amputation, including transfemoral amputation, remained
unchanged in the Netherlands during the two decades leading up to 2004.1
Patients with diabetes mellitus, especially those older than 45 years, were

at greater risk for amputation than the general population.
Most patients with transfemoral amputation must expend at least 65%
more energy than normal to walk at a self-selected speed on a level
surface.2,3 This limitation can be compounded by the patient’s underlying
medical condition; for example, many patients with a dysvascular disorder
lack the physical reserve necessary for functional walking with a
transfemoral prosthesis or are otherwise unsuccessful in becoming
ambulatory with a prosthesis.4 Regardless of concomitant medical
conditions, patients with a lower limb amputation were found to be unable
to achieve normal gait in terms of velocity, cadence, or walking
economy.1,5 Patients whose transfemoral amputation was necessitated by a
nonvascular cause required increased energy expenditure for walking and
had limited ambulation and difficulties related to prosthesis use.6 Children
with transfemoral amputation walked more slowly and with an increased
energy cost compared with unaffected children.7
Although many improvements have been made in prosthesis design
and fabrication, even the best prosthesis cannot adequately replace the
limb in the absence of a proper residual limb (stump). Too often, the
surgical procedure is done without consideration of biomechanical
principles or preservation of muscle function. A major goal of amputation
surgery is primary wound healing, but the biomechanical principles of
lower limb function should not be sacrificed to achieve this goal.
Appropriate muscle anchorage and stabilization can improve woundhealing potential by limiting shear force, tension, and motion at the
terminal skin interface.
During a transfemoral amputation procedure, it is important to
maintain a residual limb with as much length as possible. The longer the
remaining femur, the easier it will be to suspend and align a prosthesis. In
addition, leaving the longest possible residual limb will provide the patient
with optimal functional ability because the long lever arm can help with
transfers and sitting balance.8 A long residual limb also reduces the
potential for bone erosion through the soft tissues (Figure 1). Bone
protrusion through soft tissue can occur as the adductors and quadriceps
retract from the end of the femur after inadequate stabilization of the
muscles. In a long amputation, there is less abduction force because of the
remaining counterforce in the adductor muscles. A study of miliary
patients with transfemoral amputation found that those with a longer
residual limb achieved greater self-selected walking velocity.5 The study

did not determine whether residual limb length or femoral orientation
affected the energy expenditure.
In some patients, the prevailing local pathology may require a
proximal transfemoral amputation. If possible, a small portion of the femur
should be left at the trochanteric level to provide additional contouring for
fitting of a prosthesis. A patient with less than 5 cm of bone distal to the
lesser trochanter ultimately may be fitted with a prosthesis designed for a
hip disarticulation.

Figure 1

Photograph shows a transfemoral amputation with
distal soft-tissue loss, bony prominence, and discoloration of
skin.

Biomechanics
Normal Alignment

The normal anatomic and mechanical alignment of the lower limb has
been well defined9-11 (Figure 2). The mechanical axis of the lower limb
runs from the center of the femoral head through the center of the knee to
the midpoint of the ankle. In a normal two-legged stance, this axis is 3°
from vertical, and the femoral shaft axis is 9° from vertical. The normal
anatomic alignment of the femur is in adduction. This alignment allows the
hip stabilizers (the gluteus medius and gluteus minimus) and abductors
(the gluteus medius and tensor fasciae latae) to function normally and
reduce the lateral motion of the center of mass of the body, thus producing
a smooth and energy-efficient gait pattern.

Figure 2

Schematic drawing shows the mechanical and

anatomic axes of normal lower limbs. A = ankle, H = hip, K =
knee, S = shaft axis, T = transverse axis, V = vertical axis.
(Reproduced with permission from Gottschalk FA, Kourosh S,
Stills M, McClellan B, Roberts J: Does socket configuration
influence the position of the femur in above-knee amputation? J
Prosthet Orthot 1989;2:94-102.)

In most patients with a transfemoral amputation, mechanical and
anatomic alignment is disrupted because the femur no longer is in its
natural anatomic alignment. The standard anterior-posterior soft-tissue
flaps disengage the adductors of the femur and allow the unopposed
abductors to displace the femur in an abducted position, compared with the
contralateral limb.12 In a conventional transfemoral amputation, most of
the adductor muscle insertion is lost. Particularly affected is the adductor
magnus, which has an insertion on the adductor tubercle at the distal
medial femur as well as the posterior aspect of the femur on the linea
aspera. Femoral alignment is maintained in a knee disarticulation because
the adductor mechanism is not disrupted; in addition, the contour of the
distal residual limb and soft-tissue envelope constrains the distal femur
within the socket (Figure 3).

Figure 3

AP radiograph of the lower extremity of a patient
shows a knee disarticulation with the femur in normal
mechanical and femoral shaft axis alignment. The left femur
has undergone a transfemoral amputation after adductor
magnus myodesis with the femur in adduction and nearly
normal alignment.

Conventional surgery results in the loss of the distal third of the
attachment of the adductor magnus, and the femur drifts into abduction
because of the relatively unopposed action of the abductor system.8,12 The
surgeon sutures the residual adductors and the other muscles around the
femur with the residual femur in an abducted and flexed position. This
abducted position leads to a side lurch and increased energy consumption
during ambulation. Because the original insertions of the adductor muscles
are lost, the effective moment arm of these muscles becomes shorter. The
remaining smaller mass of adductor muscle is unable to generate the
greater force needed to hold the femur in its normal position, and an
abducted position results8,13 (Figure 4).

Figure 4

AP radiograph shows abduction of a residual femur
resulting from inadequate muscle stabilization.

Prosthetists recognize that residual femoral abduction compromises
function. Several prosthetic socket designs represent an attempt to hold the
residual femur in a more adducted position by adjusting the socket shape
or using the ischium as a fulcrum.14,15 A radiologic study, however,
revealed that the position of the residual femur after transfemoral
amputation cannot be controlled by the socket shape or alignment.16
Attempting to stabilize the soft tissues in adduction within the socket does
not influence the position of the femur.
Of the three adductor muscles (the adductor magnus, adductor longus,
and adductor brevis), the adductor magnus has the moment arm with the
best mechanical advantage.12,16,17 Figure 5 shows the directions of the
components of force of the adductor muscles, with the lines of force
joining the points of attachment of the muscles. The adductor magnus is
three to four times larger in cross-sectional area and volume than the
adductor longus and adductor brevis combined. Transsection of the

adductor magnus at the time of amputation leads to a major loss of muscle
cross-sectional area, a reduction in the effective moment arm, and a loss of
as much as 70% of the adductor pull.16,17 The result is overall weakness in
the adductor force of the thigh and subsequent abduction of the residual
femur. In addition, loss of the extensor portion of the adductor magnus
leads to a decrease in hip extension power and an increased likelihood of a
flexion contracture.

Figure 5

Schematic drawing shows the moment arms of the
three adductor muscles in a normal limb. Loss of the distal
attachment of the adductor magnus results in a 70% loss of
adductor strength. The vertical dashed lines show moment
arms of the adductor brevis, adductor longus, and adductor
magnus muscles. The solid lines are the resultant forces of the
respective muscles. The dashed horizontal lines show the
levels of proposed amputation. AB = adductor brevis, AL =
adductor longus, AM = adductor magnus.

Muscle Atrophy
A reduction in muscle mass at amputation combined with inadequate
mechanical fixation of muscles and atrophy of the remaining musculature

was the most important factor responsible for the decrease in muscle
strength detected after transfemoral amputation.18 Decreased strength was
most noticeable in the flexor, extensor, abductor, and adductor muscles of
the hip and was correlated with inadequate muscle stabilization.19
Jaegers et al20,21 documented muscle atrophy in 12 healthy patients
after transfemoral amputation. Three-dimensional MRI reconstruction
showed atrophy of 40% to 60% in hip muscles that had been sectioned. In
the intact muscles, which included the iliopsoas, gluteus medius, and
gluteus minimus, the atrophy ranged from 0% to 30%. The amount of
atrophy of the intact muscles was related to the length of the residual limb;
there was less atrophy in longer residual limbs. Despite the presence of
muscle atrophy, fatty degeneration was not noted. The iliotibial tract was
not reattached in an attempt to avoid abduction contracture of the hip. This
strategy, however, led to hip flexion contractures for the following
reasons: (1) the action of the iliopsoas muscle was unopposed and (2) the
large insertion of the gluteus maximus into the gluteal fascia, which
continues into the iliotibial tract, meant that leaving the iliotibial tract
unattached weakened the extensor mechanism. The extent of atrophy of
the adductor muscles also depended on the level of amputation. In none of
the patients was the adductor magnus adequately reanchored. Amputations
that were relatively proximal without adequate muscle stabilization led to
more muscle atrophy and were more likely to lead to an abduction
contracture and atrophy of the gluteus muscles. The gluteus maximus was
found to be atrophied in all 12 of the patients. A lack of hamstring fixation
led to as much as 70% atrophy. Changes in muscle morphology after
amputation are the result of changes in volume and geometry (size and
mass). Additional study findings included reduced bone density, cortical
atrophy, and increased volume of the femoral medullary cavity.20

Electromyographic Activity
Electromyographic studies reveal adductor magnus activity during normal
gait at both the beginning and end of the stance phase and into the early
swing phase.22,23 In an electromyographic study of transfemoral
amputations by Jaegers et al,21 the intact muscles maintained the same
sequence of activity as that found in a normal limb, but the activity
extended over a longer time period. The activity of sectioned muscles
depended on the level of amputation and whether the muscles had been
reanchored. Muscles that were correctly reanchored remained functional in

locomotion, especially in distal transfemoral amputations. Alterations in
muscle activity during walking probably were related to the altered
morphology of once-biarticular hip muscles, the passive elements of the
prosthesis, and the patient’s changed gait pattern. The extent to which the
gait was asymmetric was related to the length of the residual limb. The
greater the atrophy of the hip-stabilizing muscles, the greater was the
lateral bending of the trunk to the amputation side.24

Surgical Principles
The goal of transfemoral amputation surgery should be the creation of a
dynamically balanced residual limb with good motor control and
sensation. Preservation of the adductor magnus helps maintain muscle
balance between the adductors and abductors by allowing the adductor
magnus to maintain close-to-normal muscle power and a mechanical
advantage for holding the femur in the normal anatomic position. A
residual limb with dynamically balanced function allows the patient to
perform at a relatively normal level and to use a prosthesis with greater
ease. Several experts recommend transecting the muscles through the
muscle belly at a length equivalent to one-half the diameter of the thigh at
the level of amputation.25-28 Muscle stabilization after transection also has
been recommended as a means of controlling the femur, but usually it
cannot be achieved because the remaining muscle mass had retracted
before the transection8 (Figure 4). Reestablishing the normal muscle
tension, as is customarily recommended, becomes difficult. Many
surgeons have attempted muscle stabilization by myoplasty over the end of
the femur or myodesis to the femur just proximal to the end of the
bone.8,21-24 Baumgartner8 described using coronal flaps and placing the
tissue under tension while transecting the soft tissue and muscles before
the femoral osteotomy. Myoplasty, in which the agonist and antagonist
groups of muscles are sutured to each other over the bone end, does not
restore normal muscle tension or allow adequate muscle control of the
femur. The residual femur moves in the muscle envelope, producing pain
and occasionally penetrating the soft-tissue envelope. Often, a bursa
develops at the end of the cut femur. The loss of muscle tension leads to a
loss of control and reduced muscle strength in the residual limb. The softtissue envelope around the distal end of the residual limb is unstable and
may compromise prosthetic fitting. Instead of myoplasty, a muscle-

preserving myodesis technique in which the distal insertions of the
muscles are detached from their bony insertion and reattached to the
residual femur under close-to-normal muscle tension is preferred. After the
myodesis is completed, any redundant tissue can be excised.12

Indications
Vascular Disease and Diabetes Mellitus
Vascular disease, often associated with diabetes, is the most common
reason for transfemoral amputation in developed countries (Figure 6).
Most patients who require a transfemoral amputation for vascular disease
have widespread, systemic manifestations of the disease that have several
postoperative implications. The disease may compromise the patient’s
rehabilitation. The patient’s physical reserve often is insufficient to allow
use of a prosthesis. Acute ischemia of the lower limb can be the result of
thrombosis or embolism, and it may be difficult to determine which of
these two conditions is causing the ischemia. Although embolism is the
more likely diagnosis in patients of relatively advanced age, both systemic
and local causes must be considered.29 Chronic ischemia necessitating
amputation usually involves gangrene of the foot as a consequence of
severe atherosclerosis. Van Niekerk et al30 reported an association
between unsuccessful bypass surgery and proximal-level amputations.
Successful vascular bypass surgery improves the rate of limb survival in
patients with critical ischemia, but unsuccessful vascular bypass surgery
leads to increased rates of transfemoral amputation and residual limb
complications. Infectious gangrene requiring amputation is most common
in patients with diabetes mellitus. Patients with vascular disease associated
with diabetes mellitus are, on average, 10 years younger at the time of
amputation than other patients with vascular disease.31 Patients with
purely vascular disease are more likely to require transfemoral amputation
than patients with diabetes mellitus; however, patients with diabetes
mellitus were found to be at a higher relative risk for amputation than
those without diabetes mellitus.1,32
Patients with peripheral vascular disease and diabetes mellitus may
have multiple comorbidities, including hypertension, chronic obstructive
pulmonary disease, and renal disease.33 These patients have a 30%
incidence of transfemoral amputation, with a 24-month survival rate of
only 70%.

Trauma
Patients who require a transfemoral amputation as a result of trauma
usually are younger than those requiring amputation because of disease.34
The indication for surgical amputation is a complete or near-complete
traumatic amputation or a combination of soft-tissue, vascular, neurologic,
and bone damage so severe as to preclude satisfactory limb salvage or
subsequent function. Foreign material embedded in the bone and soft
tissues may require meticulous and often serial débridement.
Injuries from a land mine blast or other high-velocity penetrating
source can cause extensive tissue damage because of energy transfer to the
tissues.35 Complex high-energy injury to a lower limb often necessitates a
high transfemoral amputation. A bullet wound treated more than 24 hours
after injury is four times more likely to require a transfemoral amputation
than a transtibial amputation.36 Any delay in treatment increases the risk
of a proximal amputation because of infection and increasing soft-tissue
damage. Depending on the severity of the initial injury, early intervention
can minimize the risk of amputation or permit amputation at a lower level.
Although the greatest possible limb length should be preserved, it also is
important to secure a good soft-tissue envelope and avoid a split-thickness
skin graft over bone. A multistage procedure or multiple procedures in
which the wounds initially are left open to avoid wound infection and
allow additional débridement as necessary may be required.10,34 All viable
tissue should be preserved until definitive wound closure. On occasion,
split-thickness skin grafts can be used on muscle to help preserve length.
Revision surgery may be necessary and may require secondary skin
expansion. A fracture of the femur should be appropriately stabilized
rather than treated by amputation through a proximal fracture site. The
orientation of skin flaps is not critical, but closure must be without tension.

Infection
Amputation for severe soft-tissue infection or osteomyelitis should be
done in two or more stages with appropriate antibiotic coverage.
Placement of antibiotic-impregnated polymethyl methacrylate beads or
absorbable antibiotic-impregnated substances sometimes is useful for
controlling local infection. All infected tissue must be excised before
definitive closure. There has been an increase in the number of
amputations done after a knee arthroplasty became unsalvageable because
of infection; in these patients, soft tissue is severely fibrosed and

nonfunctioning, and insufficient bone is available for a tibiofemoral fusion
(Figure 7).

Figure 6

AP radiograph of a transfemoral amputation with a
calcified femoral artery in a patient with diabetes mellitus.

Tumor
The level of amputation required to excise a tumor often is determined by
the type, size, and location of the tumor. The principles of tumor
eradication (particularly the need to obtain wide margins) must be
observed, but the preserved residual limb should be as long as possible so
that maximal function can be maintained.

Surgical Technique
Beginning with anesthesia induction, femoral nerve and sciatic nerve

blocks are used for postoperative pain management. A femoral nerve
catheter can be placed for several days. Peripheral nerve blocks were
found to have advantages in amputations.37,38

Figure 7

Photograph shows soft-tissue dehiscence and an
antibiotic spacer in an infected knee arthroplasty. Transfemoral
amputation was required.

Proper positioning of the patient on the surgical table facilitates the
surgery. The patient should be supine. The buttock on the side of the leg to
be amputated should be elevated with folded sheets or blankets to allow
hip extension and adduction during the procedure.
A tourniquet is not used for most transfemoral amputations
necessitated by vascular disease but may be used if there is a different
indication. If used, a sterile tourniquet should be placed as high on the
thigh as possible after the leg has been cleaned and draped. The tourniquet
is released before setting muscle tensions and to allow adequate
hemostasis. Skin flaps should be marked before the skin incision is made
(Figure 8). A long medial flap in the sagittal plane is recommended.12 The
flap is developed as a myofasciocutaneous flap and sutured to the shorter
lateral flap. In an amputation necessitated by trauma or tumor, however,
any flap configuration is acceptable if it allows the longest feasible
residual limb to be retained. Anterior skin flaps should not be longer than
posterior flaps unless a long medial flap is not feasible. If anteriorposterior flaps are used, care should be taken to minimize the amount of
subcutaneous tissue dissection to avoid damaging the perforating fascial
vessels. The use of equal-size anterior-posterior skin flaps is recommended
by some experts but may be unsatisfactory because a suture line under the

end of the residual limb can lead to difficulty with use of a prosthesis.8
However, equal-size flaps can increase skin tension at the wound closure if
the amount of soft tissue needed for closure was underestimated. The skin
flaps should be made longer than the initial estimated measurement to
avoid having to shorten the bone more than otherwise necessary if the skin
that is available for closure proves insufficient.

Figure 8

Schematic drawing shows proposed skin flaps
(dashed lines) and the level of bone section (solid line) as
marked before a transfemoral amputation.

After the medial skin flap is created, the adductor magnus tendon
attachment to the adductor tubercle of the femur is identified12,39 (Figure
9). The tendon is detached by sharp dissection, marked with a suture, and
reflected proximally to expose the adductor (Hunter) canal. The femoral
artery and vein are identified. The major vessels are isolated and separated,
and each is ligated with nonabsorbable silk suture and cut at the proposed
level of bone section. The major nerves should be dissected at least 4 cm
proximal to the proposed bone cut and sectioned with a new, sharp blade.
The central vessel of the sciatic nerve should be lightly cauterized but

should not be ligated to avoid producing neuropathic pain.40 Local
anesthetic infiltration of bupivacaine through a small catheter placed into
the nerve is believed to decrease the severity of postoperative pain.41

Figure 9

Intraoperative photograph shows isolation of the
adductor tendon before detachment from the adductor tubercle.
The quadriceps tendon has been cut proximal to the patella.
(Courtesy of John Bowker, MD, Coral Gables, FL.)

Muscles should not be sectioned until they have been identified. The
quadriceps is detached just proximal to the patella, with retention of some
of its tendinous portion. The adductor magnus is detached from the
adductor tubercle by sharp dissection and reflected medially to expose the
femoral shaft. It may be necessary to detach 2 to 3 cm of the adductor
magnus from the linea aspera to increase its mobility. The smaller
muscles, including the sartorius and gracilis, and the medial hamstring
muscles should be transected at least 2 to 2.5 cm below the proposed bone
cut to facilitate their inclusion and anchorage. The biceps femoris is
transected at the level of the bone cut.
The femur is exposed just above the condylar level and transected
approximately 12 to 14 cm above the knee joint line with an oscillating
power saw. This level is recommended because it allows sufficient space
for placement of the prosthetic knee joint with robust distal padding
facilitated by the quadriceps apron. The location of the cut varies,
however, especially if the indication is traumatic. The blade should be

cooled with saline. Two or three small drill holes for anchoring sutures are
made on the lateral cortex of the distal end of the femur 1 to 1.5 cm from
the cut end. Additional cortical holes are drilled anteriorly and posteriorly
at a similar distance.30,33 The femur is held in maximal adduction while
the adductor magnus is brought across the cut end of the femur with its
tension maintained. The adductor magnus tendon is sutured through the
drill holes to the lateral aspect of the residual femur, using nonabsorbable
or long-lasting absorbable suture (Figure 10). Additional anterior and
posterior sutures are placed to prevent the muscle from sliding forward or
backward on the end of the bone.
With the hip in extension to avoid creating a hip flexion contracture,
the quadriceps is sutured to the posterior aspect of the femur through the
posterior drill holes (Figure 11). These sutures also can be passed through
the adductor magnus tendon. The remaining hamstrings are anchored to
the posterior area of the adductor magnus or the quadriceps. The investing
fascia of the thigh is sutured as dictated by the skin flaps. An adequate
number of subcutaneous sutures to minimize skin tension may be used to
approximate the skin edges. An absorbable thin monofilament is used for a
continuous subcuticular suture if contamination is not a concern. Fine
nylon sutures (3-0 or 4-0) or skin staples can be used instead to close the
skin but should be placed no closer than 1 cm apart, especially if the
patient has vascular disease.12 The use of forceps on the skin edges is
discouraged.

Figure 10

A, Schematic drawing shows the method of
attaching the adductor magnus to the residual lateral femur. B,
Intraoperative photograph shows the adductor magnus tendon
attached with sutures through drill holes on the residual lateral
femur.

An anesthetic mixture of ropivacaine, morphine, ketorolac, and
epinephrine is infiltrated into the tissues at the time of closure. A negativepressure incisional wound dressing is applied over the suture line and kept
at –75 to –125 mm Hg for 3 to 4 days42,43 (Figure 12). The residual limb
is then wrapped with an elastic bandage or stump shrinker. Figures 13 and
14 are postoperative radiographs that show a femur held in adduction by
the adductor myodesis muscle. Figure 15 shows a healed transfemoral
amputation with a long medial flap.

Figure 11

Schematic drawing shows the method of
attaching the quadriceps over the adductor magnus on the
residual femur.

Figure 12

Photograph of a negative-pressure wound
dressing applied after a transfemoral amputation.

Alternative Techniques
Modified Adductor Myodesis
A modification of the adductor myodesis technique was used to treat 20
elderly men and 13 women (mean age, 69 years) with vascular disease.44
In the Dundee technique, the skin incision is made 8 cm distal to the
proposed bone osteotomy using equal anterior and posterior skin flaps. All
muscles are sectioned at the level of the skin cuts. Bone edges are
smoothed, and two 2-mm drill holes (anteromedial and anterolateral) are
made at the distal end of the cut femur. The adductor muscles and medial
hamstring muscles are anchored to the anteromedial hole, and the vastus
lateralis and lateral hamstring muscles are sutured laterally (Figure 16).
The quadriceps tendon and muscle are brought over the end of the femur
and attached to the hamstrings. Appropriate tension of all the muscles is
ensured. All 33 patients had wound healing, although one had delayed
healing. Fourteen patients were fitted with a prosthesis, but the remaining
19 were not considered suitable for prosthetic fitting because of a major
comorbidity (especially respiratory), inadequate progress through
rehabilitation, or, in one patient, bilateral amputation.

Figure 13

AP radiograph shows a residual femur held in
normal anatomic alignment after adductor myodesis.

Figure 14

Weight-bearing AP radiograph of a patient
wearing a transfemoral prosthesis to show alignment of the
residual femur.

This technique for myodesis was found to help restore femoral

alignment. Displacement of the femur in conventional amputation was
found to lead to prosthetic fitting difficulty. The technique can lead to
wound-healing complications, however, because disruption of the
perforating vessels to the skin can create a tissue plane between the
subcutaneous tissue and the muscle and fascia layers.

Figure 15

Photograph of a healed transfemoral amputation.
The suture line is lateral and proximal to the end of the residual
limb.

Gritti-Stokes Amputation
In 1857, Italian surgeon Rocco Gritti described what he termed a throughthe-knee amputation (the femur transected at the upper level of the
epiphyseal line) that preserves the patella over the end of the femur to
provide an end-bearing residual limb. Minor modification of this
procedure has led to acceptance of femoral transection distal to the
adductor tubercle that provides a large cancellous surface for the patella.45
Recently, the Gritti-Stokes amputation with modifications has been
recommended for patients with traumatic injury.46
A retrospective study found that trauma patients who underwent a
Gritti-Stokes amputation had better scores on the Sickness Impact Profile
than patients who underwent a transfemoral amputation.46 The modified
Gritti-Stokes technique was performed, as described by Beacock et al.47
An asymmetric large anterior flap and small posterior flap are used, with
the medial and lateral apices level with the femoral condyles. Hamstring
tendons are sharply detached from distal insertions. There is no posterior
muscle transection. The posterior half of the patella is transected, and a

synovectomy is done. Femoral transection is done at the supracondylar
level distal to the adductor tubercle so that there is a cancellous surface to
match the patella.

Figure 16

Schematic drawing shows the Dundee adductor
myodesis technique.

The femoral osteotomy is at a 15° angle proximal-posterior to distalanterior (Figure 17) to provide resistance against late patellar
displacement. The patella is fixed using large nonabsorbable sutures
passed through 2-mm drill holes (Figure 18). Hamstring tendons are
sutured to the patellar tendon and deep anterior fascia. Closure is in layers
over a deep drain kept in place for 48 hours. Baumgartner8 noted that
amputation through cancellous bone at the condylar level is equivalent to a
knee disarticulation.

Postoperative Care

After surgery, a negative-pressure (75 to 125 mm Hg) incisional wound
dressing is applied.42,43 After 3 to 4 days, a surgical wound dressing made
of hydrofiber impregnated with silver is placed over the incision site. A
stump shrinker or elastic bandage is placed over the dressing. Although
rigid dressings control edema and residual limb position better than soft
dressings, they are cumbersome to apply, do not offer a substantial longterm advantage after transfemoral amputation, and have several
disadvantages. The rigid hip spica cast restricts hip mobility, increases the
risk of pressure sores over bony prominences, and increases the difficulty
of postoperative management. The use of rigid dressings for transfemoral
amputations has been abandoned by many centers. A well-applied elastic
bandage will not slip off the residual limb but may become loose and
should be removed and reapplied at least once a day, with careful skin
inspection.

Figure 17

Schematic drawings shows a distal femur
resection in the Gritti-Stokes procedure. A, The dashed line
shows the bone cuts on the femur and patella, with the shaded
area indicating the bone to be removed. B, The patella placed
at the end of the femur. (Reproduced with permission from
Beacock CJ, Doran J, Hopkinson BR, Makin GS: A modified
Gritti-Stokes amputation: Its place in the management of
peripheral vascular disease. Ann R Coll Surg Engl
1983;65[2]:90-92.)

Another method of controlling swelling and reducing discomfort is to

apply an elastic shrinker with a waist belt. The shrinker is made of a oneway or two-way stretch material that applies even pressure distally to
proximally. The waist belt helps prevent the shrinker from slipping off the
stump. The shrinker may be applied at the first dressing change, 72 to 96
hours after surgery. The use of elastomer or thermoplastic liners also may
be helpful for controlling edema.
Phantom limb pain is common immediately after surgery and can be
reduced by infiltrating the sectioned nerve with bupivacaine at the time of
surgery. Local anesthetic can be administered directly to the nerve through
a peripheral nerve catheter, continuously or intermittently for 3 to 4 days.
Two studies found that using this method can offer immediate relief of
postoperative pain and allow the amount of postoperative narcotic
analgesic agents to be reduced;41,48 however, neither study was
randomized or controlled. Continuous infusion does not prevent long-term
residual or phantom limb pain, and long-standing preoperative pain does
not appear to be influenced substantially by any form of analgesic
management. The use of perineural infusion does not prevent residual or
phantom limb pain in patients who have had a lower limb amputation.
While the wound is healing, the patient should be mobilized in a
wheelchair and on the parallel bars, and upper body exercises should be
started. The goal is for the patient to have sufficient upper body strength to
use crutches or a walker. Flexion contractures should be prevented by
correctly positioning the patient in bed and initiating muscle-strengthening
exercises. In addition, conditioning of the contralateral leg is necessary.
Sutures or staples usually can be removed 2 weeks after a traumatic
amputation or 3 to 4 weeks after amputation for vascular disease. During
this time, the patient should wrap the residual limb or use a shrinker. After
suture removal, a temporary adjustable plastic prosthesis can be fitted, and
gait training is started.

Figure 18

Intraoperative photograph of a patella resection
and placement of drill holes during surgery using the GrittiStokes technique. (Reproduced with permission from Taylor
BC, Poka A, French BG, Fowler TT, Mehta S: Gritti-Stokes
amputations in the trauma patient: Clinical comparisons and
subjective outcomes. J Bone Joint Surg Am 2012;94[7]:602608.)

With the use of aggressive rehabilitation techniques, a motivated,
physically able patient can quickly return to walking. A patient who does
not have the physical or mental ability to participate in a rehabilitation
program oriented to the use of a prosthesis may function best using a
wheelchair. Transfer training is important for these patients. The decision
whether to provide the patient with a wheelchair should be made early in
the postoperative period.
The overall rehabilitation of a patient with a transfemoral amputation
begins at the time of surgery and continues until the patient has achieved
his or her maximal functional independence. Appropriate surgical
techniques allow easier fitting of a prosthesis, facilitate physical therapy,
and help the patient achieve his or her goals, which have been determined
in collaboration with the treating team.

Complications

The commonly described complications of transfemoral amputation
include infection, heterotopic ossification, phantom sensation and pain,
wound breakdown, failure to heal, and neuroma formation. None of these
complications is unique to transfemoral amputations. Abductor drift is an
avoidable complication of transfemoral amputation and can be mitigated
by good surgical technique and methods described in this chapter.

Summary
Myodesis of the adductor magnus muscle followed by the quadriceps
muscle over the anchored adductor magnus (with the thigh held in
adduction and extension) is crucial to maintaining the tension of these
muscles. Understanding the biomechanics of the lower extremity is the
basis for the correct performance of a transfemoral amputation.
Recognizing normal femoral adduction and the mechanical axis of the leg
allows for an understanding of the function of the adductor magnus muscle
in stabilizing the femur during the stance and swing phases of gait.
Developing appropriate soft-tissue flaps that minimize skin tension at the
time of skin closure helps reduce the risk of wound breakdown. The
application of negative pressure wound dressings and an elastic
compression bandage aids in reducing postoperative edema in the residual
limb.
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Transfemoral Amputation:
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Abstract
Clinicians have long strived to create optimal transfemoral prosthetic
designs that will not only enhance the user’s ability to ambulate but also will
be a functional element of the individual’s life. Although there have been
many advancements in materials, socket designs, and components, there has
been little research to help quantify how the individuals that use these
prosthetics devices can best be served. It is helpful to explore clinical
considerations and anticipated outcomes when creating transfemoral
prosthetic devices. Prosthesis use is affected by many factors, including
energy expenditure, body image, voluntary control within a transfemoral
prosthetic system, socket fit and design, component selection, and alignment.
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Introduction
Amputations at the transfemoral level account for approximately 19% of
the approximately 1.6 million individuals in the United States who are
currently living with an amputation.1-3 Statistics from 2004 reported that
31% of all major amputations were performed at the transfemoral level,4,5
with new evidence showing a decrease in the number of transfemoral
amputations performed each year.2 There also is evidence that individuals
who have undergone amputation are living longer and will require
prosthetics services throughout their lives.1,6 In 2014, certified prosthetic
practitioners spent more than 25% of their time caring for patients with a

transfemoral amputation.7
Those in the field of prosthetics have a long history of involvement
with transfemoral prosthetic socket design and construction, with the first
patents awarded in England in 1790 and the first US patent for a
transfemoral artificial limb given in 1846.8-12 However, prosthetists still
do not have universal clinical standards of practice for device creation, fit,
suspension, and alignment. Throughout history, transfemoral design and
fabrication techniques have been passed down from mentors to protégés,
with no formal instructional courses available in the United States until
1949 when the University of California at Berkeley introduced a short
course in transfemoral design of a suction socket. In the 1950s, several
universities began formal education programs in prosthetics, with each
school creating their own laboratory manuals and design iterations.13 The
prevalent design at that time was the German transfemoral quadrilateral
socket, which used skin suction suspension.14,15 In the 1980s, the first
ischial containment manual emerged and was quickly adapted by other
institutions, although each institution implemented design iterations. As of
2014, there were 11 accredited institutions offering master level education
for prosthetic and orthotic practitioners in the United States, with each
institution offering differing theories and practical implementation
techniques for transfemoral socket design, suspension, and clinical
application.
One rationale for the differing designs may be the variability observed
in the anatomy, size, and length of transfemoral residual limbs, as well as
the level of voluntary control the individual possesses. It is accepted that
no single design is appropriate for every individual with a transfemoral
amputation. Accordingly, variations in the clinical applications of
formalized training have led numerous practitioners to create unique styles
and techniques.9,10,16,17 These variations provide practitioners with the
ability to adapt a transfemoral socket to best meet the needs and goals of
an individual patient.
The common clinical goals and considerations that guide rehabilitation
professionals through this patient-specific process are discussed in this
chapter along with an overview of current transfemoral socket designs and
the implications of suspension, alignment, and biomechanical
considerations in evaluating, fabricating, and fitting transfemoral
prostheses.

Clinical Considerations and Anticipated Outcomes
Although prosthetic devices will never truly replace a missing limb,
certain clinical considerations must be addressed, irrespective of which
socket or suspension design is chosen. The transfemoral prosthetic system
must balance function, comfort, and appearance both dynamically and
statically.8,11,12 To create the most appropriate plan, the treating team
must consider energy expenditure, body image, the user’s level of
voluntary control, and the fit of the prosthetic socket. In implementing the
treatment plan, the team must determine socket construction and design,
the degree and complexity of the suspension system, the appropriate
components, alignment considerations, and outcome measures.

Energy Expenditure
Energy expenditure for a transfemoral amputee is of great concern. The
effort required to ambulate with a prosthetic device at this level is
dependent on the weight of the device, the quality of fit, the degree of
suspension, the accuracy of alignment, and functional characteristics of the
chosen components.17-21 If any one of these factors is not properly
addressed, the individual using a transfemoral prosthesis will exhibit
higher levels of energy expenditure during ambulation than are necessary.
Increased energy expenditure is accompanied by an increase in the rate of
oxygen consumption and an associated elevation in heart rate. An elevated
heart rate can, in turn, lower the user’s self-selected walking speed and
reduce gait efficiency.22 For elderly individuals with a transfemoral
prosthesis, the physical burden of ambulating with a prosthetic device may
exceed their abilities, leading to a lower rate of prosthetic use.20,23
Knowing that ambulation with transfemoral prosthetic devices requires
high levels of energy, practitioners must create treatment plans that meet
the individual’s needs and goals with an acceptable burden level.

Body Image
Body image and appearance when using a transfemoral prosthesis are
complex considerations and should be addressed within the treatment plan.
It is important to realize that appearance and self-image can be a cosmetic
as well as a functional concern. An acceptable appearance and the ability
of the user to integrate with peers plays a large role in an individual’s
positive adaptation to his or her altered body image and psychosocial

adjustment.24 Body image anxiety increases depression, reduces perceived
quality of life, lowers self-esteem, reduces participation in physical
activity, and lowers overall satisfaction.25,26 The prosthetist must create a
device to maximize the confidence of the user through optimal fit,
suspension, function, and alignment symmetry, as well as an acceptable
energy expenditure.27 There is a growing trend toward user participation
in aesthetic choices, including realistic silicone covers, water transfers, or
three-dimensionally printed cosmeses. These choices may help the user
feel more involved with the creation of his or her prosthesis and thus
increase device acceptance.24,28

Effect of Voluntary Control
Functional ambulatory goals will be defined by the individual’s ability or
potential to control the transfemoral prosthetic device. This is commonly
known as the level of voluntary control.9,10,14,29,30 Because the user will
not have direct musculoskeletal control of the prosthetic knee and foot, a
determination of his or her potential voluntary control is an important
consideration in determining the socket style, interface, suspension, and
components used. Factors that determine the degree of voluntary control
include residual limb length, positional awareness in space, active range of
motion, muscle strength, and the ultimate ability to manipulate the limb in
a controlled and deliberate manner. When voluntary control is limited, the
rehabilitation team should design prosthetic systems that focus on
prosthetic support and patient safety rather than function and performance.
In contrast, enhanced voluntary control allows for the design of a more
dynamic prosthesis. The degree of voluntary control also plays an integral
role in component choice and alignment considerations.

Fit of the Prosthetic Socket
The ideal goal for any prosthetic device is for the user to feel that the
device is part of his or her body. Irrespective of the socket design, an
optimal fit should be intimate to the contours of the residual limb and
assist the user in controlling the prosthesis. Beyond these basic criteria, an
optimal fit of a transfemoral prosthetic socket is poorly defined and has not
been standardized. However, if users do not feel that they have control of
the socket, they likely will not fully use the prosthetic device.28,31
Radcliffe14 suggested that the primary goals of a transfemoral
prosthesis are to achieve comfort in weight bearing, provide a narrow base

of support in standing and walking, and accomplish the swing phase of
gait in a manner that is as close to normal as possible. The fit and
orientation of the socket are paramount in achieving these goals. The
socket must be donned in the correct orientation with respect to the user’s
line of progression, must match the volume of the residual limb, and must
create an environment of total contact without causing impingement or
discomfort. The socket also should provide adequate stability in the
sagittal, coronal, and transverse planes throughout the gait cycle.
Importance of Orientation
When donning the socket, the orientation of the socket must match the
user’s residual limb and adjacent bony structures. If the socket is
malaligned, the device will rotate and cause undue pressure on the limb or
the pelvis. To properly integrate the limb within the socket, the individual
should be instructed regarding socket orientation as it relates to his or her
anatomy. This anatomic reference differs for the varying socket designs
but must be addressed, especially in the initial and subsequent fittings of
the device.
Importance of Total Contact Socket Fit
There are various techniques to assess whether the volume of the socket
matches the volume of the residual limb. Most techniques rely on a
combination of visual verification through a clear diagnostic interface and
a determination of internal socket pressure through visual examination,
tactile probes, or electronic pressure sensors. Irrespective of the technique,
it is imperative that pressures are balanced and can be tolerated by the
user.16,32 The prosthetist should ensure that all areas within the socket
make contact because lack of contact may result in edema, socket
migration, and compromised control of the prosthesis.
The tissues proximal to the trim lines must be free from impingement
throughout gait and while seated. Tissue bulging over the proximal trim
lines can lead to skin breakdown, edema, subdermal cysts, blisters,
irritation, and discomfort.33 Similarly, there must be adequate relief for the
bony structures within the socket. Pressure on the ischial tuberosity,
ascending pubic ramus, adductor longus tendon, greater trochanter, or
distal femur can lead to socket rotation, pain, gait deviations, or rejection
of the prosthetic device.34

Socket Stability
Stability of the transfemoral prosthetic socket on the limb is vital to the
control of the device. The prosthetist will make a clinical determination on
the type of socket design based on the individual’s level of voluntary
control and the stability required. Individuals with greater levels of
voluntary control are less dependent on socket modification, component
choice, and alignment accommodations to control unwanted socket
displacement during ambulation. Excessive motion of the transfemoral
prosthetic socket on the residual limb in the sagittal, coronal, and
transverse planes can lead to increased energy expenditure, gait deviations,
and dissatisfaction with the prosthesis.23,35,36
Sagittal Plane
The principles of prosthetic control in the sagittal plane are best considered
in the early stance phase of the gait cycle. As the prosthetic foot contacts
the floor, the ground reaction force quickly moves posterior to the
mechanical knee joint center and creates an external knee flexion moment
that will cause the prosthetic knee to buckle if it is not adequately
controlled by the user. The ipsilateral hip extensor musculature of the
individual must fire, pulling the residual femur and the prosthetic socket
posteriorly to create a counterextension moment and stabilize the
mechanical knee.37 Importantly, the residual femur must be adequately
stabilized within the socket before the actions of the hip extensors can be
translated through the prosthesis to act on the ground. In the absence of
such femoral stabilization, the contractions of the hip extensor muscles are
less effective, and the ability to control the prosthetic knee is
compromised, causing the individual to compensate with a reduction in
step length, a slower cadence, or an anterior shift in body weight. All of
these compensatory actions increase energy expenditure.
Prosthetic control in the sagittal plane should also be considered in late
stance. During this phase of the gait cycle, the individual must engage the
hip flexors to drive the prosthetic socket anteriorly. This hip flexion action
creates prosthetic knee flexion, thereby lifting the overall prosthesis off the
ground to initiate the swing phase. Inadequate femoral stabilization may
delay the execution of this action, resulting in a loss of control of the
prosthetic knee and potential compromise of its function. The individual
will likely display a shortened step length, reduced speed of ambulation,
and a lack of confidence with the prosthetic device.28,31

Coronal Plane
In the coronal plane, prosthetic control is critical in limiting the movement
of the torso laterally over the prosthetic device during the single-limb
support phase of the gait cycle. This compensatory lateral movement over
the prosthesis is one of the most common prosthetic gait deviations seen in
the user of a transfemoral prosthesis.38 Unless a hip abduction contracture
is present, the residual femur should be placed in an adducted position
equal to the contralateral femur. This position ensures the efficient firing
of the hip abductor muscles on the amputated side, which limits
contralateral pelvic drop and associated lateral trunk bending. This is
accomplished by fitting a flattened lateral socket wall that is countered by
a sufficiently high medial socket wall aligned in the correct angle of
femoral adduction.14,30,39,40
During the initial fitting of a transfemoral socket, the proximal coronal
instability of the socket can be easily determined by performing the lateral
and the medial displacement tests. For both of these assessments, the
prosthesis user must be standing safely within parallel bars. To perform the
lateral displacement test, the prosthetist places one hand on the proximal
lateral brim of the transfemoral socket while the other hand is placed on
the prosthesis user’s ipsilateral iliac crest. Gently but firmly, the prosthetist
then pushes medially on the iliac crest while also pulling laterally on the
proximal brim of the socket. If the socket displaces more than 0.5 inch
(1.27 cm) from the residual limb during this static test, the socket may also
displace laterally during single-limb stance in gait. This lateral
displacement often suggests coronal instability in the socket, and it can
cause the individual to experience excessive proximal medial pressures on
his or her residual limb. A compensatory lateral shift of the torso may be
adopted to restore coronal stability and reduce these pressures (Figure 1).

Figure 1

Illustrations of the steps in the lateral displacement

test. After donning, the socket is aligned with the line of
progression and checked to ensure a total contact fit and a
level pelvis. The prosthetist then can test for lateral
displacement of the socket on the limb. A, One hand is used to
grasp the proximal edge of the socket while the other hand is
placed on the ipsilateral iliac crest to provide a counterforce
and stabilization. B, The proximal socket is pulled laterally until
displacement stops. C, The ideal amount of displacement is 0.5
inch (1.27 cm) measured from the skin to the socket wall. If the
displacement is greater than 0.5 inch (1.27 cm), the
transfemoral socket likely will be unstable in the coronal plane
during single-limb support.

Figure 2

Illustrations of the steps in the medial displacement
test. After donning, the socket is aligned with the line of
progression and checked to ensure a total contact fit and a
level pelvis. The prosthetist then can test for medial
displacement of the socket on the limb. A, One hand is placed
over the proximal-lateral aspect of the socket and the other
hand is placed over the greater trochanter on the contralateral
side. B, Both hands are used for medial compression until
socket displacement ceases. C, The ideal amount of
displacement is 0.5 inch (1.27 cm) from the starting point. If the
displacement is greater than 0.5 inch (1.27 cm), the
transfemoral socket likely will be unstable for the user in the
coronal plane during single-limb support.

The medial displacement test is performed with medial, simultaneous
compression of the proximolateral aspect of the socket and the greater
trochanter of the contralateral limb. Medial socket displacement of more
than 0.5 inch (1.27 cm) may suggest that either the mediolateral dimension
of the transfemoral socket or its overall volume is too large. Alternatively,
the prosthesis user may not possess enough voluntary control to resist the
lateral forces created during single-limb support40-43 (Figure 2).

Transverse Plane
Transverse stability, observed in the swing and early stance phases of gait,
also is dependent on both the level of the individual’s voluntary control
and the optimal fit of the transfemoral socket. During the evaluation of the
residual limb, the strength of its subcutaneous tissue and musculature
should be assessed to help determine if the individual can control the
normal transverse plane motions of gait, including internal rotational
motions during the swing phase and external rotations during early stance.
If either the muscle or the underlying connective tissues are found to be
inadequate, the individual will not be able to voluntarily control these
forces, and the socket may rotate on the limb. In such cases, either targeted
socket modifications or external components are needed to aid in
controlling transverse rotation.
If the individual has adequate voluntary control but still demonstrates
whip-type gait deviations or excessive socket rotation, these problems may
be caused by a suboptimal socket fit, with volumetric incongruences
exerting the largest influence on rotational control. To reduce transverse
rotation, socket fit must be optimized to match the individual’s limb
volume or accommodations must be made for muscle contractions.
Table 1 Transfemoral Socket Construction

Primary Socket Designs
Socket Construction
The hard socket and the flexible inner socket with a rigid frame are the two
general classifications of socket construction for transfemoral prostheses.
The flexible inner socket has two variations that are gaining in popularity:
the flexible inner socket with dynamic panels and the flexible socket with
an embedded rigid frame (Table 1).
Hard Sockets
Although all sockets are constructed around a positive model of the
prosthesis user’s limb, a hard socket is a single-walled, static socket that is
designed to be in direct contact with either the user’s skin or an interface
such as a roll-on gel liner or prosthetic sock. The advantages of a hard

socket include its simplicity, thin-walled construction, durability, and
ability to be easily cleaned and maintained. Because this socket option
offers little padding and cannot absorb the shear forces generated between
the limb and the socket walls, it is intended for limbs with stable volume,
firm tissue, and fair to good skin sensation. This socket construction is
generally contraindicated in individuals with adhered scar tissue,
invaginations, and sensitive bony prominences; these prosthesis users
require a more forgiving design.33
A transfemoral hard socket is typically fabricated from a carbon fiber
or a rigid thermoplastic material with no fenestrations or cutouts. This
socket construction does not readily allow for fluctuations in residual limb
size, so an optimal initial fit is crucial. Similarly, the prosthesis user with a
hard socket must be diligent in volume management to maintain a total
contact fit.
Flexible Inner Sockets
The second type of socket construction incorporates a flexible inner socket
capable of elastic movements and a rigid outer frame for stability. This
design can be in direct contact with user’s skin or an interface such as a
roll-on gel liner or a prosthetic sock. The main advantage of this design is
that the inner flexible socket, which is made from a silicone-based
thermoplastic material, allows for both volumetric and localized fitting
accommodations. In addition, when the proximal trim lines of the rigid
frame are lowered, the flexibility of the proximal inner socket dramatically
increases the user’s comfort. The brim of the inner socket contains the
proximal tissue, but it allows for elastic movement around sensitive bony
areas such as the ischial tuberosity, the ascending pubic ramus, and the
anterior superior iliac spine while sitting. The flexible inner socket also
allows for increased proprioceptive feedback when the rigid outer frame is
cut away in strategic areas. When the rigid frame is fenestrated, the
compliant material of the inner flexible socket is exposed to allow an
individual to feel the surface he or she is sitting on or to have room for
residual musculature to expand during ambulation. Even with the frame
cut away, the inner flexible socket contains the soft tissue and maintains
the benefits of hydrostatic weight bearing. In the absence of the inner
flexible socket, such fenestrations would allow the individual’s skin to
protrude from the openings, compromising both hydrostatic loading and
pressure distribution during weight bearing and leading to localized

window edema and skin breakdown.
One variation of a flexible inner socket with a rigid outer frame uses
dynamic panels that can be adjusted to help regulate pressures within the
socket. In this variation, instead of using open cutouts, the outer rigid
frame is fabricated with free-floating panels that are connected by
tensioning cords. In the fabrication process, hollow tubes are laminated
into the frame in strategic locations. After the panels are cut out of the
frame, the hollow tubes are exposed, allowing tensioning cords to be fed
through the tubes in both the panels and the rigid frame. The cords can be
tightened as needed to move the panels closer to the inner flexible socket,
thereby increasing the overall compression felt by the user. The main
advantage of this system is the ability of the user to change the shape and
volume of the socket. When necessary, the dynamic panels can be
loosened to allow bulbous limbs to enter the socket, and then compressed
to create a total contact fit. The panels also can be adjusted on an activityspecific basis, such as relieving tension while sitting or kneeling or
increasing compression for strenuous activities such as running.
An alternative design is a flexible socket with an embedded rigid
frame. This design is the result of advances in materials and fabrication
techniques. Similar to prosthetic systems popular before World War II in
which a metal frame was housed within a flexible leather socket,8 this
modern variation uses rigid frames laminated within an otherwise flexible
socket. This socket construction option has been successfully used in
upper limb prosthetic applications and is now beginning to be used with
transfemoral prostheses.44 The major advantages of this socket
construction include its overall flexibility, reported comfort, minimal trim
lines, and perceived improved control of the prosthesis.45 Although this
socket is heavier, more difficult to fabricate, and less durable than other
types of sockets, the final product offers a very flexible system with
confined, rigid support.

Socket Designs
The two primary socket designs for transfemoral prostheses are the ischial
ramal containment and the subischial designs. Two subcategories of the
ischial ramal containment design are the ischial containment (IC) and the
ramal containment (RC) designs. Variations of the subischial design
include the quadrilateral design and those designs that may incorporate the
use of subatmospheric-assisted vacuum suspension (Table 2).

Ischial Containment Designs
In current practice, the IC socket is the most commonly used design, with
numerous iterations in both teaching and clinical practice. All variations of
the IC socket have the common goal of providing mediolateral stability in
single-limb support. This goal is achieved by using an intimately fitted
socket with a narrow mediolateral dimension while encasing the medial
aspect of the ischial tuberosity and ramus within the socket.30 Most IC
design variations use hydrostatic weight bearing rather than direct ischial
weight bearing. In contrast to the quadrilateral socket, the medial IC wall
is angled to match the ischial ramus angle of the prosthesis user rather than
the line of progression. The IC socket can help minimize the lateral thrust
of the socket during single-limb support by buttressing against bony
aspects of the pelvis. If the orientation of the IC wall angle does not match
the anatomic angle of the ischium and ascending ischial ramus, the
prosthesis user will likely feel undo pressure and discomfort with this
socket design.
Table 2 Transfemoral Socket Designs

The amount of IC is variable, with most designs initially containing the
ischium from 1 to 1.75 inches (2.54 to 4.445 cm) proximal to its distal
aspect.29,30,41 This amount of containment gives adequate mediolateral
control while allowing for tissue around the ischium and ascending ischial
ramus to aid in padding the sensitive bone.46 Sockets that incorporate
more proximal degrees of IC typically have more proximal gluteal
containment as well.
Some IC designs, such as the Marlo Anatomical Socket (Ortiz
International), suggest that coronal stabilization can be achieved by
limiting bony containment to the ascending ischial ramus and lowering the
other proximal trim lines of the socket.47 This socket design allows greater
range of motion about the hip and decreases some metabolic costs.18,20,47
However, this type of design is difficult to fit and may be rejected because
of localized pressures on the medial ramus. Achieving an optimal fit
requires the prosthetist to have an elevated level of clinical skills.
Given the proximal intrusions of IC designs into perineum and bony
elements of the pelvis, the common challenge of IC designs is determining
the amount of actual bony support that can be tolerated by the individual
user. IC designs tend to work well for individuals with shorter residual
limbs or those who lack voluntary control of their adductor muscles. For
individuals with longer residual limbs and high degrees of voluntary
control, aggressive IC may be unnecessary, and a subischial design might
be more appropriate.19,43,48

Subischial Designs
The quadrilateral socket is a subischial design that uses ischial weight
bearing on its posterior brim with some degree of additional hydrostatic
loading of the residual limb to support the individual’s weight.14 The
ischium rests on the posteromedial aspect of the socket brim where it is
held in place through anteroposterior socket compression. In contrast to IC
socket designs, this anteroposterior tightness requires an increased
mediolateral dimension to allow proximal soft tissue to enter the socket.
However, this increased mediolateral dimension can create a lack of
coronal support, leading to pressure on the perineum and common gait
deviations such as lateral trunk flexion and a wide base of support. Also
common with the quadrilateral design is difficulty in achieving adequate
lateral support for the femoral shaft, which often leads to the reduced
effectiveness of the gluteus medius to stabilize the pelvis in single-limb
support. This lack of femoral support was reported by Long39 in the 1980s
and led to the initiation of early IC designs.10,46
As the quadrilateral socket has declined in popularity, there has been
growing interest in a subischial design that uses hydrostatic weight bearing
as does the IC socket but does not incorporate the ischium into the socket.
This design was introduced in the 1960s by Redhead.16 Although his work
contributed to a better understanding of hydrostatic weight bearing, the
design did not achieve widespread acceptance.
Current subischial socket designs are based on the original concepts
described by Redhead,16 but they also incorporate a roll-on gel liner
interface and assisted vacuum suspension. These subischial sockets may be
preferred over IC designs because of their lowered proximal trim
lines.43,45 In addition, there are suggested advantages of increased limb
health, volume stabilization, reduced perspiration, and increased
comfort.49 Studies are needed to objectively prove these suggested
advantages for varying limb lengths and levels of voluntary control, but
the design appears to be a viable choice at this time.

Suspension Systems
Total contact socket fit and adequate suspension throughout the entire gait
cycle is necessary to ensure the confident use of a transfemoral prosthesis.
During the stance phase of gait, total contact is maintained by the user’s
weight. During the swing phase, the inertia and weight of the prosthesis

will displace the socket from the residual limb if the suspension system is
inadequate. On taking the next step, the user will force the limb back into
the socket, creating a piston-type motion. This displacement or pistoning
of the limb within the socket, even if it is a few millimeters, can lead to
loss of prosthetic control, skin irritation, overall socket discomfort, distal
residual limb edema, and gait deviations.11,33
Because of the large amount of remaining compliant soft tissue,
general residual limb shape, and minimal bony femoral anatomy,
suspension is often quite difficult to achieve for an individual using a
transfemoral prosthesis. Various forms of suspension have been attempted
to minimize transfemoral socket displacement. Although all of these
variations have merit, there is no evidence that supports a clinical standard
for a single suspension system.33 Therefore, it is imperative for the
prosthetist to have a working knowledge of the various systems available
and take into consideration the unique goals and characteristics of each
transfemoral prosthesis user.
Current suspension systems being used at the transfemoral level are
generally classified as subatmospheric, negative-pressure, and belt-type
systems. Subatmospheric systems use some level of negative atmospheric
pressure combined with surface tension to maintain the transfemoral
socket on the residual limb. Subcategories of subatmospheric designs
include skin-fit suction, roll-on liners with various locking mechanisms,
roll-on liners with a hypobaric sealing membrane, and vacuum-assisted
suspension. Belt-type systems use positive, superiorly directed forces
created by a strapping system secured around the pelvis. Subcategories of
belt systems include the Silesian belt, elastic belt suspension, and hip joint
and pelvic belt suspension (Table 3).
Table 3 Transfemoral Suspension

Subatmospheric Suspension
Subatmospheric suspension provided by skin suction or a roll-on gel liner
is the most prevalent type of suspension design.33 These systems work by
combining friction with a negative pressure differential within the socket
to maintain suspension of the prosthesis on the residual limb. In the
literature, the term “suction” is used synonymously with the term
“vacuum” when discussing transfemoral suspension systems. A suction
system has been defined as a subclass of subatmospheric socket systems
that allows air to be expelled from a sealed socket while preventing air
from entering the socket. However, the internal pressure of the socket
environment is not actively regulated.50
The suction necessary for these suspension systems can be created
between the skin and the hard socket, between the skin and a roll-on gel
liner, and between the gel liner and the socket. The negative pressure
within a socket can be measured with a typical vacuum gauge in inches of
mercury (inHg), where normal atmospheric pressure is 0 inHg. In
discussing transfemoral suspension, the larger the negative number the
greater is the suspension force (−30 inHg represents an absolute vacuum).
The original transfemoral suction suspension designs were used within
a skin-fit socket where the suction was created simply between the skin

and the inner socket wall.51 Basic suction suspension systems are
characterized as low, negative-pressure systems, with readings in the 0 to
−8 inHg range. During weight bearing, these systems have a vacuum
reading of 0 inHg. During ambulation, the vacuum reading increases in
value through swing phase as the momentum of the advancing limb and
weight of the prosthesis attempt to distract the prosthesis from the limb.
The greater the inertial forces generated in swing, the greater these
distractive forces, thus requiring higher negative pressures to hold the
socket in place.
Suction Suspension: Skin-Fit
Skin-fit suction suspension has the benefit of direct skin contact with the
socket, allowing high levels of proprioceptive feedback to the user. The
skin moves with the socket, allowing the user to quickly perceive and react
to small changes in socket position. Proximal, circumferential socket
reductions create a seal against the skin that prevents air from entering the
socket, thereby permitting suction to occur during swing phase. The skin
also creates surface tension along the inner socket walls that further resists
some of the distraction forces felt during swing. Typically, a one-way
expulsion valve is located distally on the transfemoral socket that permits
air to escape during weight bearing while preventing air from entering
during swing phase. For skin-fit suction suspension systems, the internal
pressure clinical readings have been found to be approximately −8 inHg
during the swing phase.
The individual generally dons the prosthesis by initially applying a
donning sleeve over the residual limb and feeding the loose end of the
sleeve through the open distal valve hole. The sleeve breaks the surface
tension between the socket and the skin, allowing the individual to seat the
limb inside the socket while pulling proximal soft tissue into the socket.34
The sleeve is progressively and fully extracted from the socket. With the
limb fully seated, the one-way air valve is installed in place.
The disadvantages of skin-fit suction suspension systems include
difficulties with donning, comparatively poor mitigation of shear forces,
and poor accommodation of residual limb volume fluctuations. Successful
donning of a skin-fit suction suspension system requires strength and
balance because the soft tissue needs to be pulled into the socket using a
donning sleeve; this may be difficult for some users to manage. Scar tissue
and invaginations represent another potential contraindications because

shear forces are typically not well tolerated by these clinical presentations
and there is potential for skin breakdown if the skin is not well protected
and/or padded. Because skin-fit suction requires the maintenance of a
proximal, air-tight seal against the skin, even small changes in limb size
caused by a change in weight or edema can compromise suspension.
Suction Suspension: Roll-On Gel Liners and Locking Mechanisms
Roll-on gel liners, when used as an interface, absorb shear and impact
forces acting on the limb, stabilize soft tissue, and accommodate volume
fluctuations. As with skin-fit suspension systems, liners are held in place
by a combination of suction and surface tension and may also be used as a
means of suspension with the attachment of a distal locking mechanism
such as a pin, lanyard, or magnet.
To don these systems, the user rolls on the liner, inserts his or her limb
into the socket, and engages a locking mechanism that is typically
embedded in the distal aspect of the socket. Locking mechanisms include
pins, lanyards, or magnets. The donning of such systems is generally much
quicker compared with skin-fit suction suspension systems. In addition,
socks can be worn over the liner to accommodate volume changes without
a loss of suspension.
Disadvantages of using roll-on liners in a transfemoral prosthesis
include a minimum level of hand strength and dexterity for correct
donning, the potential for tearing the somewhat fragile liners because of
improper handling and sustained use, and the need for liner replacement if
damage occurs. Roll-on liners also require consistently good hygiene to
reduce odor and maintain cleanliness.
Roll-On Gel Liners: Hypobaric and Vacuum-Assisted Suspension
Suction suspension with roll-on liners can be accomplished by direct
contact with the liner against the socket wall (similar to skin-fit
suspension) or with the use of hypobaric sealing membranes. Roll-on
liners that use suction for suspension tend to have less distal distraction
and minimized socket rotation compared with those that use a distal
locking mechanism.
As is the case with skin-fit suction, these roll-on liner systems use
negative pressure and surface tension to maintain suspension. To fully seat
the residual limb and liner into the socket, the surface tension must be
reduced, typically with the use of isopropyl alcohol in lieu of a donning

sleeve. The liner is rolled on over the residual limb, alcohol is sprayed on
the liner, and the limb and liner are slipped into the socket and engage
against the inner socket wall as the alcohol quickly evaporates. The
resultant seal maintains the pressure differential within the socket.
This variation in roll-on liner use can be incorporated with either
simple suction or vacuum-assisted suspension. The two suspension
methods differ in the internal socket pressure while standing. In simple
suction suspension, the internal socket pressure is 0 inHg, whereas socket
pressure with vacuum-assisted suspension is less than 0 inHg, and it can be
as low as −25 inHg. Both systems use an expulsion valve to maintain the
pressure differential, with vacuum-assisted suspension also using an
external mechanism to draw air from the socket. Although suction systems
have a negative pressure environment in swing only, vacuum-assisted
systems have a continual negative pressure environment through stance
and swing.
Vacuum-assisted suspension has been slow to gain acceptance in
transfemoral applications.52 This may be the result of complicated
fabrication and donning processes and difficulties in maintaining a
proximal vacuum seal. However, modern material advances, creative
techniques, and design variations are making vacuum-assisted suspension
a more viable choice for transfemoral applications. Anecdotal reports
indicate that these systems work well for individuals with longer residual
limbs and high voluntary control.49
Table 4 Transfemoral Socket Design, Subischial Variations,
Vacuum-assisted Suspension

The three basic subischial socket designs that incorporate vacuumassisted suspension are the single-wall internal sealing system, the singlewall external sealing system, and the double-wall internal sealing system
(Table 4). Although these three designs each have advantages and
limitations, all use a roll-on gel liner as an interface and utilize the creation
of high levels of vacuum-assisted suspension between the liner and the
socket rather than the skin. Although skin is compatible with basic suction
suspension, it is porous and irregular in shape, making it a poor surface for
maintaining elevated levels of negative pressure. Gel liners have a smooth,
flexible, nonporous surface that allows for a vacuum seal to be maintained
throughout ambulation, while sitting, and during participation in activities
of daily living.
All three subischial socket design systems also use a wick in the form
of a sock or fabric liner cover. The wick begins at the distal aspect of the
liner and terminates distal to the vacuum seal, allowing for the transfer of
air molecules between the socket and the liner. This facilitates uniform
internal socket pressures between −5 inHg and −25 inHg; typical
prosthesis users prefer approximately −15 inHg. The greater the negative
pressure, the greater the suspension force; however, high vacuum levels
may be difficult to maintain over time.

The single-wall internal sealing design works with a hypobaric seal
that is either integrated into the roll-on liner or applied over the liner. A
wick is used distal to the seal, and air is drawn out of the system either
manually with a hand pump or actively by with an electronic or integrated
weight-activated pump. This suspension system is simple in design,
fabrication, and donning and also allows for any variation of proximal trim
lines. Its main limitation is the limited surface area over which a vacuum
seal can be achieved, which can be an issue for individuals with shorter
residual limbs.
The single-wall, external sealing design overcomes this issue with the
use of a longer roll-on liner that is reflected over the proximal brim and
sealed distally on the outside of the socket using a sealing sleeve. This
design requires that the proximal trim lines be reduced to allow the liner to
be reflected. Although the system has the benefit of lower trim lines, the
exposed liner is subject to wear from the environment and is prone to
failure because of the formation of holes. It also is bulkier than the internal
sealing system.
The double-wall socket uses an internal socket to create vacuum
suspension and an external socket to provide the proximal brim and distal
attachment of the prosthesis. A roll-on liner is donned, followed by a
wicking sock. The internal hard socket, typically half the length of the
residual limb, is then applied over the liner. A vacuum seal is created when
a sealing sleeve is applied over both the outer wall of the internal socket
and the liner, as is often seen in transtibial systems. Negative pressures are
drawn between the liner and the socket through a one-way expulsion
valve. The internal socket is then inserted into the external socket where it
is affixed by various forms of locking mechanisms. The major limitations
of this design are its bulk, weight, and complicated donning and
fabrication processes.

Belt-Type or Auxiliary Suspension
Belt-type suspension offers convenience over performance. These systems
are easy to don but offer minimal primary suspension. Belt-type
suspension systems are primarily used to provide secondary or auxiliary
suspension and aid in control of the device. The three main types of belttype suspension systems are the Silesian belt, elastic suspension, and the
hip joint and pelvic belt (Table 3). Silesian and elastic systems are soft
belt systems that can be attached to the socket to help reduce rotation and

provide minimal suspension. For individuals who ambulate at a minimal
cadence and require a socket system that is both easy to don and allows for
free movement of air, these suspension systems may be an adequate
primary suspension option. Alternatively, for individuals who require
greater coronal stabilization because of a short residual limb or lack of
abductor muscle control, a hip joint and pelvic belt can be used. This
system provides maximal stability against lateral socket motion but
provides minimal suspension.

Component Considerations
Prosthetic Knee Considerations
Because an individual with a transfemoral prosthesis has no direct
musculoskeletal connection to the prosthetic knee or foot, the most optimal
components must be selected. If the prosthetic knee unit is to simulate the
function of the anatomic knee it must provide stability in early stance,
allow for shock absorption while maintaining a lowered center of mass
through midstance, provide stability through terminal stance, allow a
smooth transition into swing phase, limit initial swing phase flexion across
a range of cadences, advance the limb through midswing, and smoothly
decelerate at terminal swing.22
The first concern in knee component selection should be stability in
early stance. If the individual has limited voluntary control, the knee unit
must have inherent stability, which can be variously achieved through
mechanical linkages, breaking mechanisms, or hydraulic dampening
control. Recently, the addition of sensors and microprocessor control units
has demonstrated an increased ability to allow safe ambulation, reduced
cognitive dedication to controlling the knee unit, increased gait efficiency,
and increased overall user confidence with the prosthesis.53
Another concern in knee component selection is the ability of the knee
to transition from stance to swing phase. The methodology varies by which
the prosthetic knee “knows” when to transition from stable load bearing in
stance phase to less restricted motion that will allow swing phase flexion.
Mechanically controlled knee units typically rely on a transfer of load or
the mechanical knee angle to initiate this transition. In contrast,
microprocessor-controlled knee units use algorithms based on input
received from load sensors, accelerometers, gyroscopes, and joint angles.
Because of this nuanced level of regulation, microprocessor-controlled

knee units allow for more controlled prosthetic ambulation, enabling the
user to confidently address changes in the environment, such as walking
down slopes or ramps, movements in confined spaces, descending or
ascending stairs, and walking backward. These situations illustrate
scenarios in which mechanically controlled knees often fail to provide
consistent support and which require the prosthesis user to be cognizant of
environmental changes.

Prosthetic Foot Considerations
When selecting a prosthetic foot for an individual with a transfemoral
amputation, an initial concern is the influence of the foot on the knee
flexion moment in early stance. If the individual has limited voluntary
control, the prosthetic foot should reduce the knee flexion moment. This
can be accomplished with a soft heel component in the prosthetic foot
itself or by altering the alignment of the foot relative to the socket. The
next concern is the transition from stance to swing phase where the foot
should generally enhance late stance stability to allow the user to take an
adequate step with the contralateral limb. The length, stiffness, and design
of the keel, along with alternations in alignment will affect stability in this
late stance phase.

Additional Component Considerations
With the anatomic knee and foot absent, users of transfemoral devices are
missing elements of rotation, shock absorption, and stance-phase knee
flexion. Additional components of transfemoral prostheses can address
these missing anatomic elements. Positional rotation units allow the
prosthesis user to spin the prosthetic components distal to an adaptor. The
function of these units is optimized when they are applied on the distal
aspect of the socket and proximal to the knee. This allows the user to cross
his or her legs, more easily tie shoes, don pants, and enter the front seat of
a car. Torque absorption units can be combined with shock absorbers to
reduce the shear and impact forces felt on the residual limb. Although
these components are effective, they add weight, cost, and spatial
considerations to the overall design of the prosthesis.
Stance flexion, the 15° to 20° of knee flexion necessary for optimized
gait, is achieved during loading response,22 and it is often a desired feature
when creating transfemoral prosthetic devices. However, this amount of
knee flexion in early stance can induce a sensation of instability for many

individuals with a transfemoral amputation. Prosthetic stance flexion is
variously obtained through the design of the knee frame, compressive
bumpers, and hydraulic cylinders.

Figure 3

Illustrations show the process of initial coronal
alignment for placement of the prosthetic knee and foot. A,
Posterior view of anatomic alignment in the coronal plane. The
hip joint aligns over the knee joint and the ankle joint. B,
Because the hip joint is difficult to represent in transfemoral
alignment, the location of the ischium (X) is used instead. For
longer residual limbs, the coronal alignment line begins 1 inch
(2.54 cm) lateral to the ischium, then continues distally through
the posterior bisection of the prosthetic knee and the posterior
bisection of the prosthetic foot. C, For shorter residual limbs or
individuals with lower levels of voluntary control, the coronal
alignment line is shifted laterally, closer to the bisection of the
prosthetic socket, but never more lateral than the bisection of
the socket. D, A completed transfemoral alignment with the
socket set at the initial adduction angle (heavy black line) and
the connecting pylons attached to the socket, knee, and foot.

Alignment Considerations
The principles of transfemoral prosthesis alignment have altered little over
time. In 1955 Radcliffe14 addressed transfemoral alignment considerations
in his statement that the artificial limb “… must provide both adequate
support and a natural-appearing gait with as modest consumption of
energy as possible.” These standards have not appreciably changed.

Prosthetists attempt to create a stable and effective transfemoral gait
pattern with proper socket fit; effective suspension; and diligence in bench,
static, and dynamic alignments.
Before it is fitted to a patient, the prosthesis is set up in bench
alignment, which reflects the individual’s hip flexion, adduction attitude,
and transverse limb orientation. The socket is generally set in a flexion
angle 5° greater than the individual’s maximum hip extension. This added
hip flexion permits the user to take an adequate step with the contralateral
limb and puts a mild stretch on the hip extensor muscles to allow them to
be more efficient in early stance.14,29,30,37,40
The transfemoral socket is also set to match the individual’s recorded
adduction orientation. This will align the femur under the hip joint and put
a mild stretch on the gluteus medius, increasing efficiency during singlelimb support.54 Setting the proper amount of socket adduction also reduces
the tendency for proximal lateral gapping of the socket and helps to
maintain a narrow base of support.29,40 Transverse orientation is
determined by the user’s line of progression and the necessity to minimize
transverse plane gait deviations. This orientation is especially important
for proper fitting of IC sockets.
With the socket in the proper orientation, the focus is on the placement
of the prosthetic knee and foot. In able-bodied individuals, coronal
alignment of the hip joint is typically directly over the knee and ankle
joints (Figure 3, A). For initial bench alignment of the transfemoral
prosthesis, the actual hip joint cannot be used as a reference point because
it cannot be located on the prosthetic socket. However, locating a point on
the socket brim that is 1 inch (2.54 cm) lateral to the location of the
ischium will provide a reasonable approximation. The prosthetic knee and
ankle joints are placed directly below this identified point. The initial
coronal bench alignment allows for stability in double-limb stance, induces
a modest lateral thrust in single-limb stance, and achieves a narrow 2-inch
(5.08-cm) base of support (Figure 3, B). The prosthetic knee and ankle
should be placed more laterally under the socket for shorter residual limbs
or in individuals with compromised voluntary control (Figure 3, C).
However, this necessary accommodation will increase energy expenditure
by inducing a wider base of support.

Figure 4

Illustrations show the process of initial sagittal
alignment of the prosthetic trochanter-knee-ankle. A, Lateral
view of anatomic alignment in the sagittal plane. The hip joint is
placed over the knee joint and over the ankle joint. B, The
trochanter-ankle reference line. t = the approximation of the
position of the anatomic hip joint center. This point can be
reasonably estimated by bisecting the socket, but it does not
necessarily represent the anatomic placement of the
trochanter. a = ankle joint or the functioning position of the
ankle joint recommended by the manufacturer for the selected
prosthetic foot. C, The location of the prosthetic knee joint
center (k) is shown in alignment with the trochanter-ankle line.
D, The knee center of the prosthetic knee has been moved
posterior (arrow) to the trochanter-ankle line to achieve a more
stable alignment. This is considered a voluntary alignment. E,

The knee center of the prosthetic knee now positioned anterior
(arrow) to the trochanter-ankle line creates a more unstable
alignment. This is considered an involuntary alignment. F, A
completed transfemoral alignment is shown with the initial
socket flexion angle (black line) and the connecting pylons from
the socket to the knee to the foot.

In able-bodied individuals, the sagittal plane alignment of the ground
reactive force is posterior to the hip joint and anterior to the knee and ankle
(Figure 4, A). This anatomic alignment allows the prosthesis user to stand
with minimal energy expenditure. Because the anatomic hip joint cannot
be used as a point of reference on the prosthetic socket, the apex of the
greater trochanter is used. For bench sagittal plane alignment, a simulated
reference line is used to create a stable prosthetic alignment. This line is
called the trochanter-knee-ankle line. To understand the use of the
trochanter-knee-ankle reference line, a single axis knee and single axis
foot will be assumed, because these components have very little inherent
stability and require that the stability of the overall prosthetic system be
derived by the alignment of the socket relative to the knee and ankle
components.
The trochanter-knee-ankle line begins by determining a reference point
for the trochanter and approximating the position of the hip joint. This
point can be reasonably estimated by bisecting the socket in the sagittal
plane at its most proximal aspect (Figure 4, B). This is followed by the
placement of the prosthetic ankle joint, a reference point that differs for
every prosthetic foot and is identified within individual manufacturer’s
guidelines. When the trochanter and prosthetic and ankle reference points
are vertically aligned (Figure 4, B), the prosthetic knee is set at its proper
height and located according to the manufacturer’s recommendation for
the knee center’s sagittal reference point. This point may be posterior,
through, or anterior to the trochanter-ankle line (Figure 4, C). Placing
knee center posterior to the line creates a safe alignment, because the
individual’s weight and the ground reaction force keep the knee locked in
extension. This also can be described as an involuntary alignment, because
no voluntary control is required to keep the knee in extension (Figure 4,
D). In contrast, placing knee center anterior to the trochanter-ankle line
creates an alignment in which the individual has to voluntarily control the
sagittal stability of the knee. This alignment is also seen with knee units
possessing inherent stability because it facilitates early stance flexion and

permits easier initiation of swing phase knee flexion in late stance (Figure
4, E). If the knee center point is directly on the trochanter-ankle line, it is
considered to be on “trigger,” where the system may be in voluntary or
involuntary alignment depending on the placement of the prosthetic foot
with each step (Figure 4, F).
In the transverse plane, the prosthetic knee is externally rotated 5° to
compensate for the natural 5° of internal socket rotation that will occur
during swing phase. This rotation ensures that the knee will flex in the line
of progression during swing. For individuals who walk faster, the amount
of internal rotation will increase, and the initial external knee rotation
should be larger.
When bench alignment is complete, the prosthesis is donned and static
or standing alignment is assessed. The foot should be flat on the floor with
2 to 4 inches (5.08 to 10.16 cm) of base support. The knee should be
extended and safe with socket flexion, with adduction and rotation
matching the individual’s limb orientation. Generally, if bench alignment
conditions were observed, minimal adjustments will need to be made to
achieve a proper static fit. Any accommodative changes in flexion or
adduction will change the position of the socket over the knee and foot,
which will alter the stability of the system. In such instances, the proper
trochanter-knee-ankle alignment should be reestablished before
ambulation begins.
Because every prosthetic knee and foot has different triggers to
transition from stance to swing control, the prosthesis user must be made
aware of how each component functions before ambulation is attempted.
The prosthesis user should be observed and instructed on proper
techniques while functions such as sitting, bending the knee, and
advancing the limb are practiced in a safe environment (such as with
parallel bar support before ambulation). During dynamic alignment, the
prosthetist will work to optimize gait and minimize energy expenditure by
making incremental changes to the alignment and working with a therapist
to focus on enhancing muscle strength and range of motion.

Summary
Great technological advances have been made in transfemoral prosthetic
sockets, components, and suspension systems in recent years. However, it
must be understood that there is no single socket design, alignment, or

prosthetic system that will be optimal for all individuals with transfemoral
amputation. There is a need for prosthetists to continually develop their
clinical and technical skills to provide the most appropriate device and the
best fit for each patient.
The team must address issues of energy expenditure, body image,
levels of voluntary control, and socket fit in creating the treatment plan,
and they should have an intimate knowledge of appropriate sockets
designs, suspension systems, components, and alignment considerations.
Clinical experience, knowledge of evolving clinical standards, the use of
available evidence, and the incorporation of appropriate outcome measures
also will assist the rehabilitation team in providing optimal care to their
patients.
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Hip Disarticulation and
Transpelvic Amputation:
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Abstract
Hip disarticulation and hemipelvectomy are viable—sometimes necessary—
alternatives to limb salvage procedures in patients who have extensive
pathology or trauma of the upper thigh, buttock, and pelvis. Both procedures
are technically demanding; they require detailed preoperative planning and
occasionally necessitate involvement from a multispecialty surgical team.
Systemic and local complications are frequent, and their management is
complex and occasionally life threatening.
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Introduction
Amputations through the hip joint and the pelvis are useful surgical
options for managing various, generally severe, pathologies of the upper
thigh, buttock, and pelvis.1-3 Neoplasm, including primary bone and softtissue sarcomas and metastatic disease, is a common indication for these
high-level amputations. The oncologic goal of surgery is local disease
control; however, palliative amputations may be indicated in fungating
tumors or locally invasive disease when negative margins cannot be

achieved. Nonneoplastic indications include severe trauma and crushing
injuries, end-stage vascular disease with a functionless or gangrenous
limb, and extensive bone and soft-tissue infection such as necrotizing
fasciitis.4 The optimal level of amputation must be determined based on
the proximal extent of disease or injury and the viability of the surrounding
soft tissues to ensure adequate soft-tissue coverage.5,6
This chapter reviews the surgical management of hip disarticulation
and transpelvic amputation, with an emphasis on preoperative planning,
surgical technique, postoperative care, and complications. Because these
surgical procedures are highly challenging, surgical proficiency is critical
to optimize outcomes and minimize complications.

Indications
A variety of pathologies may require hip disarticulation or
hemipelvectomy. One of the most common indications is neoplasm,
including soft-tissue sarcomas, primary bone sarcomas, and metastatic
disease. Primary malignancies of the proximal thigh and recurrent tumors
after a transfemoral amputation are common neoplastic indications for hip
disarticulation, whereas primary and metastatic disease in the pelvis may
necessitate hemipelvectomy. Extensive tumor fungation in the thigh and
associated pathologic femoral fractures may result in extensive soft-tissue
contamination, which may preclude limb salvage or distal-level
amputations. Pediatric neoplasms of the proximal femur may necessitate
high-level amputations when physeal tumor involvement or skip lesions
preclude viable limb reconstruction for definitive local control.
Other indications for hip disarticulation or hemipelvectomy are severe
soft-tissue infections with or without systemic sepsis, such as a patient
with diabetes and necrotizing fasciitis, which requires immediate surgical
intervention, systemic antibiotics, and aggressive critical care
management. Mortality rates in such patients may be as high as 50%.7-9
Although less common, severe trauma associated with extensive crush or
high-energy injuries may require hip disarticulation or hemipelvectomy,
either in an urgent setting or as a salvage procedure for failed lower-level
amputations or limb salvage.10 End-stage vascular disease resulting in a
nonviable or gangrenous limb is another scenario in which hip
disarticulation is beneficial.
Determining the salvageability of a limb may be challenging and

requires consideration of the following: tumor behavior and sensitivity to
adjuvant therapies, acceptable surgical margins, neurovascular
involvement, the location and degree of bone resection, the anticipated
function of the residual limb, and patient factors. When definitive local
control of malignant disease is the primary goal, careful preoperative
assessment with three-dimensional imaging is essential to determine if
adequate margins can be achieved with limb salvage techniques.
Neoadjuvant chemotherapy or radiotherapy may help achieve limb salvage
in patients with highly sensitive tumors. A similar approach to extensive
infections is important to ensure adequate resection of contaminated or
nonviable soft tissue and areas of chronic osteomyelitis.
Estimating the functionality of the residual limb is equally critical in
the decision-making process; if both the sciatic and femoral nerves are
involved, a functional limb is highly unlikely.11 Extensive muscular
disease in the thigh or large osseous resections can make a functional limb
unsalvageable, even when preservation of either the sciatic or femoral
nerves is possible.11
Contributing patient factors include overall health, nutritional status,
comorbid disease, and patient acceptance. Nutritional status and
comorbidities such as diabetes can affect wound healing and influence the
amputation level. A patient’s emotional acceptance of amputation must be
carefully assessed and proactively managed. When time permits,
preoperative consultation with a psychiatrist, physiatrician, prosthetist, and
support groups should be considered to optimize patient education and
acceptance and establish realistic expectations. Given the high morbidity
and mortality of both hip disarticulation and hemipelvectomy, surgical
candidates with poor anticipated survivability may be better treated with a
palliative, nonsurgical approach.

Preoperative Planning
Extensive preoperative assessment and surgical planning should be
completed. Three-dimensional imaging, with either CT or MRI, is
essential to determine the extent of both soft-tissue and bone resections.
Medical optimization should be completed, and adequate blood products
should be available. Consultation with a general surgeon and a plastic
surgeon should be considered in cases where intrapelvic disease extension
exists or traditional flaps may not be adequate. If excessive bleeding is

anticipated, angiography and preoperative embolization are useful
modalities in both oncologic and nonneoplastic patients. The ideal level of
amputation must be determined and is generally guided by the extent of
disease, the viability of the soft-tissue envelope, and functional
expectations and goals.

Hip Disarticulation
Surgical Technique
Hip disarticulation accounts for only 0.5% of lower limb amputations in
the United States.12 The patient is positioned in a lateral decubitus position
on a well-padded beanbag or in a semisupine position with a support under
the pelvis. Split drapes or U-shaped drapes allow for wide exposure to the
anterior and posterior hip and buttocks. Prepping should include the
abdomen, the groin, the buttock, and the entire lower limb. Current
practice is based on the technique described by Boyd13 and uses a racquetshaped incision that begins just medial and inferior to the anterior superior
iliac spine and descends parallel to the inguinal ligament down to
approximately 5 cm distal to the ischial tuberosity and the gluteal crease.
The other limb of the incision runs obliquely on the anterior thigh, curving
posteriorly approximately 8 cm from the greater trochanter to meet the
medial incision (Figure 1). Deep dissection typically begins anteriorly
with exposure of the femoral triangle, identification and isolation of the
femoral vessels, and meticulous suture ligation and division. The femoral
nerve is gently transected under tension and allowed to retract into the
pelvis. Following neurovascular control, the muscles are transected in a
sequential manner. The sartorius and rectus femoris are detached from
their proximal origins, and the pectineus is divided close to the pubis. The
external rotators of the hip and the iliopsoas are transected. The obturator
vessels should be identified and suture ligated, followed by division of the
adductor and the gracilis muscles and a gentle traction neurectomy of the
obturator nerve. Posteriorly, the gluteal muscles are sequentially transected
as distally as the disease process will allow to ensure a substantial
myocutaneous flap. The sciatic nerve should be transected with a sharp
scalpel under tension to minimize symptomatic neuroma formation; when
possible, the nerve is either allowed to retract or manually placed inside
the pelvis through the sciatic notch. The external rotators of the hip are
released from their femoral insertions and the hamstrings from their

proximal origins. The hip capsule is released around the acetabulum, the
ligamentum teres is transected, and the limb is removed. The muscles of
the buttock together with iliopsoas and the obturator externus thus remain
attached to the pelvis.
After the limb is removed, the acetabulum is covered by approximating
the preserved muscle groups, most frequently the quadratus femoris to the
iliopsoas and the obturator externus to the gluteus medius. Deep drains are
recommended, followed by closure of the posterior gluteus maximus fascia
to the inguinal ligament. Postoperative care should include strict decubitus
ulcer precautions, perioperative antibiotics, and thromboprophylaxis. This
surgical technique allows methodical dissection, avoids weight bearing
over the suture lines, divides muscles at their origins or insertions, and
provides a viable muscle flap as a weight-bearing surface for sitting and/or
prosthetic use.
Although the previously described approach is most commonly used,
alternative surgical approaches may be recommended according to surgeon
preference or disease location. One such modification uses a lateral
approach14 and may be more familiar to orthopaedic surgeons. A total
adductor myocutaneous flap also has been described when disease
precludes using more traditional anterior or posterior flaps.15 Frey et al16
described an alternative quadriceps muscle flap, consisting of skin,
subcutaneous fat, and the quadriceps muscle. This flap receives its blood
supply from the muscular branches of the superficial femoral artery and
can cover defects up to the level of the posterior superior iliac spine.
Infrequently, when local flaps are not available, free flap or pedicle-based
augmentation flaps may be considered.

Complications
Hip disarticulation has been associated with high morbidity and mortality
rates, which are more common in patients with severe infections, crushing
injuries, severe peripheral vascular disease, and ischemic limbs and are
directly related to a patient’s preoperative health status and preexisting
comorbidities. Common morbidities include wound infections, wound
dehiscence, skin necrosis, seromas, painful neuromas, and phantom pain.
Mortality rates after hip disarticulation vary considerably in the literature,
ranging from 0% to 44% depending on patient factors and the underlying
disease process for which the proximal amputation was required.17-20

Hemipelvectomy
Transpelvic amputation involves resection of all (complete or classic
hemipelvectomy) or part (modified hemipelvectomy) of the hemipelvis,
with either retention of the ipsilateral lower limb (internal
hemipelvectomy) or removal of the lower limb (external hemipelvectomy).
The ability to preserve the lower limb depends on multiple factors, most
paramount being the salvageability of an adequate neurovascular supply to
the retained limb and resultant anticipated function. This factor is
influenced by both the extent of the resection and whether a functional
pelvic reconstruction is achievable or advisable.

Figure 1

Illustration of the typical racquet-shaped incision
used for hip disarticulation. The incision is centered over the
femoral triangle, and the femoral vessels are ligated and
transected early in the procedure. (Reproduced with permission
from Malawer MM, Sugarbaker PH: Hip disarticulations, in
Malawer MM, Sugarbaker PH, eds: Musculoskeletal Cancer
Surgery: Treatment of Sarcomas and Allied Diseases. Boston,
MA, Kluwer Academic Publishers, 2001, p 340.)

Surgical Technique
The approach to surgery begins by positioning the patient in a lateral
position, with the ability to modify (as needed) the patient’s position

intraoperatively to a more supine or prone inclination, which is commonly
described as a “sloppy lateral” position. Such positioning is best achieved
with a well-padded beanbag because it allows intraoperative position
modifications while simultaneously ensuring adequate patient stability. An
axillary roll should be placed beneath the chest wall to avoid pressure or
traction on the brachial plexus. All bony prominences must be well padded
because the length of the surgical procedure can predispose patients to
compressive neuropathy. Prepping the leg into the surgical field allows for
easy intraoperative alterations in positioning and is strongly advocated.
Hip and knee flexion with hip adduction allows for enhanced exposure
posteriorly (Figure 2, A), whereas hip and knee extension with hip
external rotation and abduction allow for full anterior exposure (Figure 2,
B). A Foley catheter is necessary to monitor fluid balance and facilitate
urethra identification and bladder decompression. Preoperative ureteric
catheterization and bowel preparations are often advisable to ease the
intraoperative identification (or repair in the event of accidental
transection) of the ureters and decompress the bowels, which is an
important consideration because genitourinary injury and enterotomy are
inherent risks of these procedures.21 When bowel or bladder involvement
require visceral resection, a procedure described as a compound
hemipelvectomy, including a diverting colostomy and/or ileostomy, is
recommended.21,22
When applying surgical drapes, it is critical to ensure adequate access
to the anterior viscera and the posterior structures, including the sacrum.
Split drapes are recommended with the limbs of the drapes extending
beyond the midline both anteriorly and posteriorly.
The extent of pelvic resection will be determined by the distribution of
disease or injury, whether tumor, infection, ischemia, or trauma. The
classic hemipelvectomy involves resecting the entire hemipelvis from the
pubic symphysis to the sacroiliac joint. An extended hemipelvectomy
involves resecting the entire hemipelvis plus a portion of the sacrum and is
required for tumors extending across the sacroiliac joint or a mangled
pelvis and limb with an associated ipsilateral sacral fracture. Internal
hemipelvectomy defects are described according to the classification
system by Enneking and Dunham.23 A type 1 resection involves the ilium
from the sacroiliac joint to the neck of the ilium. A type 2 resection
involves the acetabulum and may extend from the neck of the ilium to the
lateral portion of the pubic rami. A type 3 resection involves the area from

the pubic symphysis to the lateral margin of the obturator foramen, with
preservation of the hip joint. A type 4 resection requires removal of the
ilium plus part or all of the sacrum. When the resection involves more than
one zone, the descriptors may be combined. For example, combined type 1
and 2 resections indicate removal of all or a portion of the ilium and the
acetabulum.

Figure 2

Intraoperative photographs of the lateral positioning
and draping for hemipelvectomy demonstrate the leg included
in the sterile field, allowing adequate access to the posterior
elements with hip and knee flexion (A) and the anterior
elements with hip and knee extension and external rotation (B).
Drapes are applied to expose beyond the midline both
anteriorly and posteriorly.

The standard posterior flap, based on the inferior gluteal artery, is used
whenever possible because the gluteal musculature affords a thick softtissue envelope. An anterior flap, based on the quadriceps musculature and
the femoral artery, is recommended when the posterior flap is
compromised, such as with trauma or tumor involvement. Flaps that are
more creative have been used when neither anterior nor posterior flaps are
available, including the total thigh fillet flap and various free flaps.21,24

The anatomic source and blood supply for these flaps must be considered
during the preoperative plan and accommodated during the positioning and
prepping phase.
The most traditional (utilitarian) surgical approach begins anteriorly
through an ilioinguinal incision spanning from the symphysis pubis, along
the inguinal ligament, and toward either the anterior superior or anterior
inferior iliac spine. This incision is extended along the posterior crest to
the sacrum, particularly for classic or extended hemipelvectomies.
The posterior incision intersects with the posterior extent of the
anterior incision and extends down the leg on the anterior border of the
greater trochanter. The incision then curves transversely across the top of
the posterior thigh, distal to the gluteal crease, and joins the most midline
extent of the anterior incision (Figure 3). The length of the posterior limb
will determine the length of the posterior flap and should be extended to
ensure adequate coverage anteriorly and allow definitive closure without
tension. When feasible, the gluteal muscles and fascia should be included
with the posterior skin flap because this decreases the risk of flap
necrosis.25
In select cases of internal hemipelvectomy, the anterior limb alone may
be sufficient for resection. A modification of the described posterior limb
is particularly useful for resections involving the posterior ilium, the
sacrum, and the proximal femur. The incision is vertically oriented,
originates laterally along the anterior incision, and extends vertically down
the thigh along the posterior border of the greater trochanter (Figure 4),
with the specific origin of the incision varied to accommodate the specific
resection type. Multiple variants on this vertical incision have been
described and are frequently referred to as the T incision or the reverse-Y
incision.26
The anterior limb of the incision is further developed by releasing the
rectus abdominus muscle and the inguinal ligament, which are retracted
proximally to expose the retropubic space, the iliac vessels, and the
spermatic cord or round ligament. The bladder is identified just posterior
to the retropubic space and gently retracted away from the pubic
symphysis. The inferior epigastric vessels are identified and suture ligated.
At this point, it is wise to identify and protect critical intrapelvic structures,
such as the ureters and the bowel, to avoid inadvertent injury. Depending
on the extent of the tumor, the psoas muscle is separated from the iliacus
muscle, which often remains attached to the inner table of the ilium as a

neoplastic margin in tumor cases (Figure 5, A).
The external iliac vessel and the femoral nerve are identified and
ligated in an external hemipelvectomy or protected with a vessel loop in an
internal hemipelvectomy. If more proximal vascular control is required,
such as a classic external hemipelvectomy, the external iliac vessel should
be traced proximally to define the common iliac vessels, and the ligation
occurs at this level. It is important to note that ligation of the common iliac
vessels is a predictor of posterior flap necrosis, so retention of the internal
iliac vessels is advocated whenever possible.21 In an internal
hemipelvectomy, care must be taken to preserve the blood supply to the
planned soft-tissue flap, the inferior gluteal vessel in the posterior flap, and
the femoral vessel in the anterior flap. Following vascular control and
ligation, the remaining anterior muscular attachments to the pelvis are
sequentially released, including the abdominal wall musculature, the
sartorius, the tensor fascia lata, and the iliotibial band.

Figure 3

Illustration of the utilitarian incision for pelvic
resection or transpelvic amputation, which begins at the pubic
tubercle and extends along the inguinal ligament and the iliac
crest. Depending on the surgeon’s preference, the incision is
directed inferiorly somewhere between the anterior superior
iliac spine and the posterior superior iliac spine. For transpelvic
amputation, the incision is extended posteriorly behind the thigh
and then along the inferior pubic ramus to the pubic tubercle.

(Reproduced with permission from Malawer MM, Sugarbaker
PH: Overview of pelvic resections: Surgical considerations and
classifications, in Malawer MM, Sugarbaker PH, eds:
Musculoskeletal Cancer Surgery: Treatment of Sarcomas and
Allied Diseases. Boston, MA, Kluwer Academic Publishers,
2001, p 213.)

Figure 4

Intraoperative photograph of the common approach
for hemipelvectomy demonstrates the ilioinguinal incision (solid
line), which runs from the pubic symphysis, along the iliac crest,
to the sacrum posteriorly. The vertical incision (dashed line)
can be used to improve exposure when needed. Its origin along
the ilioinguinal incision can be varied slightly according to the
needs of the case and then runs vertically along the lateral
thigh.

The posterior incision is further developed by sequentially releasing
the posterior musculature of the pelvis, including the adductors, the
hamstrings, and the external rotators. The sciatic nerve should be identified
and preserved in an internal hemipelvectomy and ligated and cut under
tension in an external hemipelvectomy. Final resection through the pubic
symphysis and the sacroiliac joint will complete the hemipelvic resection.
During an internal hemipelvectomy, the location of bone resection is
determined by the preoperative plan and completed with either a sagittal

saw or a Gigli saw; alternatively, osteotomes with or without image
guidance can be used.

Figure 5

Intraoperative photographs of a hemipelvectomy.
A, Dissection for a type I hemipelvectomy before final osseous
cuts. The iliac crest is visualized inferiorly with soft tissue
covering the iliac wing, in the region of the soft-tissue mass.
The iliacus muscle creates a muscle margin for the intrapelvic
extension of tumor. B, The osseous defect is created by
removing the iliac crest and highlights the lack of a barrier
between the posterior/gluteal flap and the retroperitoneal
structures. C, The deep and superficial abdominal fascia. D,
Containment of the retroperitoneum is achieved by securing the
deep abdominal fascia. E, Final closure of the gluteal fascia to
the superficial abdominal fascia completes the layered closure.

The most appropriate reconstruction after an internal hemipelvectomy
is controversial. Reconstruction options range from simple soft-tissue
reconstruction (resection arthroplasty) to complex pelvic reconstructions
that aim to restore the pelvic ring. Reconstruction techniques include
resection arthroplasty; femoral transposition; iliofemoral fusion; autograft;
autoclaved, diseased, resected pelvic bone; massive pelvic allograft;
allograft-prosthetic composite; modular megaprostheses; and other custom
prostheses.22,23,26-43 Those who prefer pelvic ring reconstruction cite

superior function and quality of life and use these techniques most
frequently in type 2 resections to restore a functional hip joint.22,27,39,41
Those who are against complex reconstructions cite complications rates as
high as 50% and the substantial morbidity associated with failed
reconstructions. Minor complications, such as wound issues and
superficial infections, are frequent but often are successfully managed
without surgical intervention. However, the high rate of major
complications, particularly deep infection, allograft fracture, hardware
failure, and hip instability, diminish enthusiasm for complex
reconstructions.22,26-32,34-44 These serious complications often necessitate
removal or revision of the reconstruction or conversion to an external
hemipelvectomy for definitive management.22,29,32,34,37,38,42,45
The recent implementation of navigation in pelvic surgery has
improved the precision of surgical margins and also has been used in
conjunction with reconstructive modalities to design a custom
prosthesis.45-47 The superiority of these techniques regarding resection
margins and reconstruction durabil ity remain indeterminate but may hold
promise for improved functional and oncologic outcomes in the future.
Meticulous surgical closure is critical in pelvic surgery. Sufficient deep
closure to contain the intra-abdominal contents is essential to avoid
hernias; however, this can be challenging because of the loss of adequate
bone and soft-tissue anatomy to serve as anchors for such a reconstruction.
When possible, the deep abdominal fascia should be secured to contain the
intra-abdominal organs, and the gluteal fascia should be repaired securely
to the deep abdominal fascia (Figure 5, B through D). In the absence of
sufficient bone or soft-tissue anatomy, mesh is widely used for soft-tissue
reconstruction.31 Deep drains should be placed, with the postoperative
output monitored closely. Closure in layers without tension is critical
(Figure 5, E) because wound necrosis and deep infections are common
complications in both external and internal hemipelvectomies.25,34,36

Postoperative Care
In the postoperative period, strict decubitus ulcer precautions should be
instituted. Ideal weight-bearing status varies and is influenced by the
degree of resection, the type of soft-tissue or pelvic ring reconstruction,
and a variety of patient factors.38 Prophylaxis for deep vein thrombosis is
recommended and must be balanced against the risk of bleeding,
particularly because hemipelvectomy often necessitates large-volume

transfusion, which may be associated with life-threatening coagulopathy.31
Prophylactic antibiotics are routinely administered, although the ideal
duration has not been determined. Antibiotics are frequently administered
until drain use is discontinued; however, shorter and longer durations have
been described, and no compelling evidence exists for or against any
particular regimen.

Complications
Wound necrosis and superficial infection are common complications after
hemipelvectomy but are frequently and successfully treated with local
wound care and antibiotics. However, deep infections require formal
surgical débridement. Neurologic complications such as sciatic nerve palsy
are quite common and highlight the importance of gentle intraoperative
handling of the nerves. Genitourinary and bowel injuries require both
intraoperative management and specialized postoperative care.
Symptomatic hernias may require revision surgery, so they are best treated
with prevention by means of meticulous closure. Systemic complications
may be severe and life threatening, including acute respiratory distress
syndrome, coagulopathy, deep vein thrombosis, pulmonary embolus, and
acute cardiac arrest.31,43,48-50

Rehabilitation
Following hip disarticulation or hemipelvectomy, prosthetic training and
use are challenging because of the energy expenditure associated with
successful amputation and the difficulties with adequate prosthetic
fit.17,51-54 Consequently, many patients do not use a prosthetic device and
either walk with crutches for most activities or use a wheelchair.55-57

Summary
Hip disarticulation and hemipelvectomy are technically challenging
procedures that require skilled surgical expertise and intensive
perioperative medical management. However, familiarity with the
anatomy, surgical techniques, and known complications will enable
surgeons to definitively care for patients with proximal thigh and pelvic
neoplasia, infection, trauma, and vascular disease processes to ensure
optimal patient outcomes and recovery from these morbid procedures.

References
1. Karakousis CP: The technique of major amputations for malignant tumors. J
Surg Oncol 1983;23(1):43-55.
2. Westbury G: Hindquarter and hip amputation. Ann R Coll Surg Engl
1967;40(4):226-234.
3. Rougraff BT, Simon MA, Kneisl JS, Greenberg DB, Mankin HJ: Limb salvage
compared with amputation for osteosarcoma of the distal end of the femur: A
long-term oncological, functional, and quality-of-life study. J Bone Joint Surg
Am 1994;76(5):649-656.
4. Zalavras CG, Rigopoulos N, Ahlmann E, Patzakis MJ: Hip disarticulation for
severe lower extremity infections. Clin Orthop Relat Res 2009;467(7):17211726.
5. Dahlin DC, Coventry MB: Osteogenic sarcoma: A study of six hundred cases. J
Bone Joint Surg Am 1967;49(1):101-110.
6. McKenna RJ, Schwinn CD, Soong KY, Higinbotham NL: Sarcomata of the
osteogenic series: An analysis of 552 cases. J Bone Joint Surg Am 1966;48:126.
7. Brandt MM, Corpron CA, Wahl WL: Necrotizing soft tissue infections: A
surgical disease. Am Surg 2000;66(10):967-970, discussion 970-971.
8. Elliott DC, Kufera JA, Myers RA: Necrotizing soft tissue infections: Risk
factors for mortality and strategies for management. Ann Surg 1996;224(5):672683.
9. Francis KR, Lamaute HR, Davis JM, Pizzi WF: Implications of risk factors in
necrotizing fasciitis. Am Surg 1993;59(5):304-308.
10. Smejkal R, Izant T, Born C, Delong W, Schwab W, Ross SE: Pelvic crush
injuries with occlusion of the iliac artery. J Trauma 1988;28(10):1479-1482.
11. O’Connor MI, Sim FH: Salvage of the limb in the treatment of malignant pelvic
tumors. J Bone Joint Surg Am 1989;71(4):481-494.
12. Dillingham TR, Pezzin LE, MacKenzie EJ: Limb amputation and limb
deficiency: Epidemiology and recent trends in the United States. South Med J
2002;95(8):875-883.
13. Boyd HB: Anatomic disarticulation of the hip. Surg Gynecol Obstet
1947;84(3):346-349.

14. Lackman RD, Quartararo LG, Farrell ED, Scopp JM: Hip disarticulation using
the lateral approach: A new technique. Clin Orthop Relat Res 2001;392:372376.
15. Dormans JP, Vives M: Wound coverage after modified hip disarticulation using
a total adductor myocutaneous flap. Clin Orthop Relat Res 1997;335:218-223.
16. Frey C, Matthews LS, Benjamin H, Fidler WJ: A new technique for
hemipelvectomy. Surg Gynecol Obstet 1976;143(5):753-756.
17. Unruh T, Fisher DF Jr, Unruh TA, et al: Hip disarticulation: An 11-year
experience. Arch Surg 1990;125(6):791-793.
18. Endean ED, Schwarcz TH, Barker DE, Munfakh NA, Wilson-Neely R, Hyde
GL: Hip disarticulation: Factors affecting outcome. J Vasc Surg
1991;14(3):398-404.
19. Pack GT: Major exarticulations for malignant neoplasms of the extremities:
Interscapulothoracic amputation, hip-joint disarticulation, and interilioabdominal amputation; a report of end results in 228 cases. J Bone Joint Surg
Am 1956;38(2):249-262.
20. Fenelon GC, Von Foerster G, Engelbrecht E: Disarticulation of the hip as a
result of failed arthroplasty: A series of 11 cases. J Bone Joint Surg Br
1980;62(4):441-446.
21. Senchenkov A, Moran SL, Petty PM, et al: Predictors of complications and
outcomes of external hemipelvectomy wounds: Account of 160 consecutive
cases. Ann Surg Oncol 2008;15(1):355-363.
22. Wirbel RJ, Schulte M, Mutschler WE: Surgical treatment of pelvic sarcomas:
Oncologic and functional outcome. Clin Orthop Relat Res 2001;390:190-205.
23. Enneking WF, Dunham WK: Resection and reconstruction for primary
neoplasms involving the innominate bone. J Bone Joint Surg Am
1978;60(6):731-746.
24. Ross DA, Lohman RF, Kroll SS, et al: Soft tissue reconstruction following
hemipelvectomy. Am J Surg 1998;176(1):25-29.
25. Karakousis CP: Abdominoinguinal incision and other incisions in the resection
of pelvic tumors. Surg Oncol 2000;9(2):83-90.
26. Lackman RD, Crawford EA, Hosalkar HS, King JJ, Ogilvie CM: Internal
hemipelvectomy for pelvic sarcomas using a T-incision surgical approach. Clin
Orthop Relat Res 2009;467(10):2677-2684.

27. Aljassir F, Beadel GP, Turcotte RE, et al: Outcome after pelvic sarcoma
resection reconstructed with saddle prosthesis. Clin Orthop Relat Res
2005;438:36-41.
28. Angelini A, Drago G, Trovarelli G, Calabrò T, Ruggieri P: Infection after
surgical resection for pelvic bone tumors: An analysis of 270 patients from one
institution. Clin Orthop Relat Res 2014;472(1):349-359.
29. Bell RS, Davis AM, Wunder JS, Buconjic T, McGoveran B, Gross AE:
Allograft reconstruction of the acetabulum after resection of stage-IIB sarcoma:
Intermediate-term results. J Bone Joint Surg Am 1997;79(11):1663-1674.
30. Biau DJ, Thévenin F, Dumaine V, Babinet A, Tomeno B, Anract P: Ipsilateral
femoral autograft reconstruction after resection of a pelvic tumor. J Bone Joint
Surg Am 2009;91(1):142-151.
31. Chao AH, Neimanis SA, Chang DW, Lewis VO, Hanasono MM:
Reconstruction after internal hemipelvectomy: Outcomes and reconstructive
algorithm. Ann Plast Surg 2015;74(3):342-349.
32. Delloye C, Banse X, Brichard B, Docquier PL, Cornu O: Pelvic reconstruction
with a structural pelvic allograft after resection of a malignant bone tumor.
J Bone Joint Surg Am 2007;89(3):579-587.
33. Gebert C, Wessling M, Hoffmann C, et al: Hip transposition as a limb salvage
procedure following the resection of periacetabular tumors. J Surg Oncol
2011;103(3):269-275.
34. Ham SJ, Schraffordt Koops H, Veth RP, van Horn JR, Molenaar WM, Hoekstra
HJ: Limb salvage surgery for primary bone sarcoma of the lower extremities:
Long-term consequences of endoprosthetic reconstructions. Ann Surg Oncol
1998;5(5):423-436.
35. Harrington KD: The use of hemipelvic allografts or autoclaved grafts for
reconstruction after wide resections of malignant tumors of the pelvis. J Bone
Joint Surg Am 1992;74(3):331-341.
36. Hillmann A, Hoffmann C, Gosheger G, Rödl R, Winkelmann W, Ozaki T:
Tumors of the pelvis: Complications after reconstruction. Arch Orthop Trauma
Surg 2003;123(7):340-344.
37. Karim SM, Colman MW, Lozano-Calderón SA, Raskin KA, Schwab JH,
Hornicek FJ: What are the functional results and complications from allograft
reconstruction after partial hemipelvectomy of the pubis? Clin Orthop Relat Res
2015;473(4):1442-1448.

38. Kollender Y, Shabat S, Bickels J, et al: Internal hemipelvectomy for bone
sarcomas in children and young adults: Surgical considerations. Eur J Surg
Oncol 2000;26(4):398-404.
39. Langlais F, Lambotte JC, Thomazeau H: Long-term results of hemipelvis
reconstruction with allografts. Clin Orthop Relat Res 2001;388:178-186.
40. Ozaki T, Hoffmann C, Hillmann A, Gosheger G, Lindner N, Winkelmann W:
Implantation of hemipelvic prosthesis after resection of sarcoma. Clin Orthop
Relat Res 2002;396:197-205.
41. Satcher RL Jr, O’Donnell RJ, Johnston JO: Reconstruction of the pelvis after
resection of tumors about the acetabulum. Clin Orthop Relat Res 2003;409:209217.
42. Witte D, Bernd L, Bruns J, et al: Limb-salvage reconstruction with MUTARS
hemipelvic endoprosthesis: A prospective multicenter study. Eur J Surg Oncol
2009;35(12):1318-1325.
43. Zeifang F, Buchner M, Zahlten-Hinguranage A, Bernd L, Sabo D:
Complications following operative treatment of primary malignant bone
tumours in the pelvis. Eur J Surg Oncol 2004;30:893-899.
44. Campanacci D, Chacon S, Mondanelli N, et al: Pelvic massive allograft
reconstruction after bone tumour resection. Int Orthop 2012;36:2529-2536.
45. Sun W, Li J, Li Q, Li G, Cai Z: Clinical effectiveness of hemipelvic
reconstruction using computer-aided custom-made prostheses after resection of
malignant pelvic tumors. J Arthroplasty 2011;26(8):1508-1513.
46. Dai KR, Yan MN, Zhu ZA, Sun YH: Computer-aided custom-made hemipelvic
prosthesis used in extensive pelvic lesions. J Arthroplasty 2007;22(7):981-986.
47. Sternheim A, Daly M, Qiu J, et al: Navigated pelvic osteotomy and tumor
resection: A study assessing the accuracy and reproducibility of resection planes
in Sawbones and cadavers. J Bone Joint Surg Am 2015;97(1):40-46.
48. Angelini A, Calabrò T, Pala E, Trovarelli G, Maraldi M, Ruggieri P: Resection
and reconstruction of pelvic bone tumors. Orthopedics 2015;38(2):87-93.
49. Shao QD, Yan X, Sun JY, Xu TM: Internal hemipelvectomy with
reconstruction for primary pelvic neoplasm: A systematic review. ANZ J Surg
2014; Nov 12 [Epub ahead of print].
50. Apffelstaedt JP, Driscoll DL, Karakousis CP: Partial and complete internal
hemipelvectomy: Complications and long-term follow-up. J Am Coll Surg

1995;181(1):43-48.
51. Kralovec ME, Houdek MT, Andrews KL, Shives TC, Rose PS, Sim FH:
Prosthetic rehabilitation after hip disarticulation or hemipelvectomy. Am J Phys
Med Rehabil 2015; Apr 16 [Epub ahead of print].
52. Yari P, Dijkstra PU, Geertzen JH: Functional outcome of hip disarticulation and
hemipelvectomy: A cross-sectional national descriptive study in the
Netherlands. Clin Rehabil 2008;22(12):1127-1133.
53. Schnall BL, Baum BS, Andrews AM: Gait characteristics of a soldier with a
traumatic hip disarticulation. Phys Ther 2008;88(12):1568-1577.
54. Marshal C, Stansby G: Amputation and rehabilitation. Vasc Surg II
2010;28:284-287.
55. Fisher SV, Gullickson G Jr: Energy cost of ambulation in health and disability:
A literature review. Arch Phys Med Rehabil 1978;59(3):124-133.
56. Chin T, Oyabu H, Maeda Y, Takase I, Machida K: Energy consumption during
prosthetic walking and wheelchair locomotion by elderly hip disarticulation
amputees. Am J Phys Med Rehabil 2009;88(5):399-403.
57. Nowroozi F, Salvanelli ML, Gerber LH: Energy expenditure in hip
disarticulation and hemipelvectomy amputees. Arch Phys Med Rehabil
1983;64(7):300-303.

Chapter 48

Hip Disarticulation and
Hemipelvectomy: Prosthetic
Management
Mark Edwards, MHPE, CP Phillip M. Stevens, MEd, CPO,
FAAOP

Abstract
Because hip disarticulation and hemipelvectomy are rarely performed,
rehabilitation professionals have limited familiarity with the associated
principles of prosthetic management for these proximal amputation levels.
Prosthesis use is challenged by increased energy requirements and slower
walking speeds compared with alternative forms of mobility. However, many
patients can achieve partial or full daily use of a prosthesis. Successful
indicators of prosthesis use are adequate patient motivation, single leg
balance, core strength, and competent prosthetic management. Although
historically underserved by limited prosthetic options, recent advances in
componentry have enhanced prosthetic mobility at these proximal
amputation levels.
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Introduction
Because less than 2% of all amputations are at the hip disarticulation

level,1 the typical physiatrist, therapist, or prosthetist may not be familiar
with the associated general fitting considerations and biomechanical
requirements necessary for optimal gait. As with other more proximal
levels of amputation, hip disarticulation prostheses often have higher
rejection rates because of their increased energy requirements, weight, and
greater coverage of the body. Available evidence is limited, but it suggests
that successful long-term acceptance of prostheses at these proximal
amputation levels ranges between 35% and 43%.2
The ability of the user to control the prosthesis through muscular
activity is greatly reduced at this amputation level, with control
movements limited to motions of the pelvis and lumbar spine. As a result,
middle-aged individuals with hip disarticulation walk approximately 40%
slower and expend approximately 80% more energy than able-bodied
individuals.3 Energy requirements at this amputation level are
considerably higher for elderly amputees.4 However, some amputees do
achieve successful prosthesis use. Chin et al5 reported on seven elderly hip
disarticulation amputees, five of whom had adequate physical fitness to
attain and maintain community ambulation with their prostheses.
Although technologic advances such as lighter componentry, more
dynamic designs, and softer interface materials have resulted in improved
prostheses, acceptance and optimal prosthesis use remain challenging. For
many individuals who regularly use a prosthesis, the reduced energy
requirements and increased speed of alternative forms of mobility preclude
complete daily reliance on prosthetic ambulation. For example, elderly
amputees can move twice as fast with a wheelchair and expend only 25%
as much energy compared with their use of a hip disarticulation
prosthesis.4 Similarly, among a small cohort of established users of
hemipelvectomy prostheses, the mean time to walk 400 m was 43% longer
with the prosthesis compared with walking with crutches and no
prosthesis.6 It is understandable that even successful prosthesis users may
limit their wear time to an average of 6 hours per day.7 However, the
recent development of new technologies specifically designed for hip
disarticulation devices is transforming challenges into opportunities for
improved outcomes.

Evaluation and Indicators of Success
The successful fitting of a hip disarticulation prosthesis relies on the

appropriate evaluation of the patient’s motivation, balance, core strength,
and load-bearing tolerance, along with the prosthetist’s creation of an ideal
fitting socket. Greater motivation is generally required for successful
ambulation with a prosthesis at this amputation level compared with that
needed by most patients with a transfemoral or transtibial amputation. The
possibility of successful prosthesis use can only be properly assessed when
the patient has been given an accurate portrayal of the benefits, challenges,
and limitations specific to a hip disarticulation prosthesis. Unrealistic
expectations regarding the ease and energy costs of ambulation may result
in early rejection of the prosthesis. After the patient has been given a
reasonable understanding of the challenges inherent in the use of a hip
disarticulation prosthesis, he or she can have a realistic discussion with the
rehabilitation team to determine if there is sufficient motivation to proceed
with a prosthetic fitting.
Superior balance on one leg is a strong positive indicator for prosthesis
use because such balance is needed to successfully don and ambulate with
a hip disarticulation prosthesis using minimal assistive aids.8 As such, the
demonstration of adequate single-leg balance is a prerequisite for any
consideration of prosthetic management.
The strength of the core abdominal muscles should be assessed.
Strength is demonstrated by creating a posterior pelvic tilt and should be
evaluated because it is the main biomechanical motion used to initiate
knee flexion during gait and is needed for efficient ambulation. The patient
should be able to demonstrate active pelvic tilt motions using the muscles
of the lower back and abdomen. As a related consideration, the most
successful prosthesis users are also able to maintain a lower body weight
so that the full range of pelvic tilt may be captured within the prosthesis.
The presence of any redundant or fleshy tissue should be noted because it
must be contained and shaped to create reaction surfaces for proper
prosthetic function.
The distal aspect of the ischial tuberosity should be evaluated with
respect to its load-bearing tolerance. Available gluteal tissue should be
assessed for its ability to supplement axial loading. The bony prominences
of the pubis and iliac crests and, in some instances, the residual femoral
head should also be noted because they will require relief within the
interface.
The prosthetic socket is a crucial connection between the patient and
his or her prosthesis and must facilitate comfortable axial support, efficient

ambulation, and consistent suspension. Appropriate socket designs create
abdominal compression to contain soft tissue and adequately capture the
control movements of the underlying pelvic anatomy. Similarly, anatomic
contouring in the lumbar region is used to create a volumetrically tight and
accurate anteroposterior fit between the sacrum and lower abdomen.9
Compressive mediolateral dimensions are also necessary to preserve
coronal stability during gait. Specifically, mediolateral measurements
should be recorded over the iliac crests and between the trochanter and the
iliac crests, and they should be reflected in the prosthetic socket.9

Prosthetic Componentry: Hip Disarticulation
Using endoskeletal or modular componentry is standard clinical practice
for hip disarticulation prostheses because of their light weight and
alignment adjustability. As with any level of amputation, assessing the
patient’s functional capabilities and potential are critical to appropriate
componentry selection.

Feet
Although single axis and multiaxial feet can increase knee stability, they
can add substantial weight to the distal end of the prosthesis. Dynamic
response feet are commonly preferred at the hip disarticulation level
because of their lightweight design. Because of the slower self-selected
walking speeds of most users of hip disarticulation prostheses, the
additional benefits of energy storage and return associated with these feet
are only observed in more active users. However a lightweight carbon
fiber foot allows a smoother transition from loading response to terminal
stance, with attendant benefits to the user’s gait pattern.

Knees
Single-axis knees were the predominant choice for a hip disarticulation
prosthesis because of their relatively light weight and adequacy for
ambulation at a single cadence speed. However, single-axis knees with
weight-activated stance control are generally contraindicated because the
downward thrust that occurs when the pelvis tilts posteriorly to initiate
knee flexion during gait can inadvertently engage the stance control brake
of the knee and impede normal knee flexion at terminal stance. Because
the sagittal stability of the knee within a hip disarticulation prosthesis is

generally provided through the correct alignment of the hip and knee,
added mechanical stability features are usually not necessary for
individuals who walk only on level surfaces.
Many active users, however, may prefer knees with inherent stability
features that enable the safer negotiation of uneven terrains, descending
stairs or going down ramps, changing directions, and other related
activities. Polycentric knees are often chosen for moderately active
individuals who can tolerate their increased weight, desire stability across
a broader range of walking surfaces, and benefit from swing clearance
features. For individuals who desire the ability to ambulate at elevated
walking speeds, polycentric knees with hydraulic swing control are
commonly used. However, these knees are heavier, and their use should be
limited to individuals who are capable of ambulation across variable
cadences.
For those who desire even greater levels of activity and/or security,
microprocessor-controlled knees are an option. These knees reduce the
force required to initiate knee flexion at terminal stance and enable real
time adjustments to stance control properties, allowing the user to safely
engage in the negotiation of environmental obstacles, stairs, and inclines
across a range of gait speeds.10,11

Figure 1

Photograph of a prosthesis that uses modern
application of the principles of the Canadian hip disarticulation
prosthesis. Alignment is illustrated by the sagittal plumb line
(green line) from the sagittal socket bisector running posterior
to the hip, anterior to the knee, and anterior to the ankle. This
alignment positions the socket safely over the prosthetic knee
axis and prosthetic foot to provide biomechanical stability for
the user.

Hips
With a few recent exceptions, the design of hip joints has remained

substantially unchanged over the years. Originally, the hip joint was
mounted laterally, near the anatomic hip joint center. These joints were
locked for standing and walking, then unlocked for sitting.12 In 1954,
researcher Colin McLaurin introduced the principles of the Canadian hip
disarticulation prosthesis. His design, which is still in use, has an anteriorly
mounted hip joint that is passively stabilized during stance by means of the
posterior position of the patient’s center of gravity relative to the hip
joint8,11 (Figure 1).

Figure 2

Photograph of an endoskeletal hip joint with an
anterior attachment bracket. (Courtesy of Ottobock, Austin,
TX.)

Within the group of Canadian-type hip joints, there are a small variety
that differ with regard to their attachments and functions. Newer, modular
systems have more compact designs and low profile attachments that make
sitting easier. These joints are mounted anteriorly to flat or dished

attachment plates on the socket that are specific to the individual hip joints
(Figure 2). Internal adjustable spring mechanisms, which provide a hip
extension assist, are common to all endoskeletal hip joints. Although
alignment adjustments are limited, a slight amount of abduction/adduction
and flexion/extension adjustment is available. This common design is also
offered in a pediatric size9 (Figure 3) and in a variation that allows the
user to lock and unlock his or her hip joint (Figure 4).
Carbon composite strut systems have been designed for use distal to
such hip joints in an attempt to offer more dynamic motion and shock
attenuation during stance (Figure 5). Drawing on the same energy storage
and return concepts as prosthetic feet, the strut flexes when loaded and
releases its force at the beginning of swing to increase hip and knee
angular acceleration, increasing step speed and aiding in toe clearance5

Figure 3

Photograph of a pediatric endoskeletal hip joint.
(Courtesy of Ottobock, Austin, TX.)

Figure 4

Photograph of an endoskeletal hip joint with a
manual lock feature. (Courtesy of Ottobock, Austin, TX.)

The latest technology in hip joints is characterized by a helical design
and hydraulic control (Figure 6). This joint has unique features
specifically designed to address the gait deviations often seen in users of
hip-level prostheses. The Helix 3D hip joint system (Ottobock) has
hydraulic control of hip flexion in the swing phase and hydraulic control of
hip extension in the stance phase. This allows the user to vary his or her
cadence and cushion the loading of the prosthesis. The geometry of the
joint also provides transverse plane rotation to compensate for the internal
rotation of the pelvis in the swing phase. Specifically, the joint will
externally rotate with hip flexion to keep the prosthesis tracking smoothly
in the swing phase. The Helix 3D also incorporates hip flexion bands to
assist the joint into flexion for better toe clearance in the swing phase.
Research has demonstrated some clear improvements in gait biomechanics
and performance of activities of daily living using this system compared
with traditional mechanical single-axis hip joints.11-13

Height Considerations
When using traditional mechanical hip joints, there is no hip flexion in the
early swing phase and minimal knee flexion at midswing. These
limitations affect the ability of the user to obtain swing phase ground
clearance. As a consequence, the hip disarticulation prosthesis often feels
“long” and must be made slightly shorter than the anatomic leg to ensure
toe clearance in the swing phase. This results in an inefficient gait pattern.
Even with a shorter prosthetic build height, the user will often vault on the
sound leg or hike the hip of the residual limb to further ensure toe
clearance.

Creating the Hip Disarticulation Interface
The hip disarticulation interface must serve four purposes: adequate
coronal support; sagittal capture of pelvic movements; secure, comfortable
suspension; and appropriate weight-bearing surfaces and contours. New
thermoplastic materials have been developed that greatly increase socket
comfort, especially over the iliac crests. Rigid laminated frames can be
coupled with flexible thermoplastic inner sockets to provide both proximal
flexibility and comfort as well as adequate rigidity at the attachment site of
the hip joint and over the iliac crests (Figure 7). Although thermoforming
offers a variety of flexible materials and ease of fabrication, it constitutes a
thicker construction.

Figure 5

Photograph of an endoskeletal hip joint with a
carbon composite strut that flexes when loaded and releases its
force at the beginning of swing to increase hip and knee
angular acceleration. (Courtesy of Trulife, Dublin, Ireland.)

Traditional hip disarticulation socket designs encompass the affected
pelvis, contain the gluteal tissue and ischial tuberosity, and provide
mediolateral stability by compressing the contralateral pelvis toward the
affected side through the design of the interface. Suspension is
accomplished by compression over one or both iliac crests, and an anterior
closure is normally used.
Novel socket design configurations include the creative use of suction
or vacuum designs with reduced contralateral trim lines (Figure 8),
interface designs that use separate iliac crest attachments, flexible liners
and frames, and other unique shapes that attempt to maintain appropriate
stability and suspension but provide greater comfort and range of motion
around the pelvis (Figure 9). However, little research has been done on
hip disarticulation socket design and the variety of configurations currently

used.

Figure 6

Photograph of the recently developed Helix 3D, an
endoskeletal hip joint with a unique helical geometry that
couples transverse rotation with sagittal hip motion and offers
hydraulic control of hip flexion in the swing phase of gait and
hip extension in the stance phase of gait. (Courtesy of
Ottobock, Austin, TX.)

Impression techniques vary based on patient presentation and the
preferences of the treating prosthetist. Weight-bearing impression
techniques are often preferred at the hip disarticulation level because they
allow the patient to have some distal end bearing while creating the
impression. These approaches capture a socket shape conducive to skeletal
loading. Houdek et al14 advocated the use of deformable materials beneath
the patient to assist in defining the primary weight-bearing skeletal
structure during the impression capture. Wedges or forms are often used to
compress the anteroposterior dimension to better capture pelvic motion

when using the prosthesis (Figure 10). Care must be taken to prevent
excessive mediolateral tissue displacement during this procedure.
An alternative technique that is gaining popularity can be characterized
as static compression. In this approach, the patient is not actively bearing
weight while the impression is taken. Rather, the tissues of the residual
limb are precompressed using plastic film or stout tape. The patient then
remains standing on the sound side limb while the impression is obtained
with casting or digital scanning techniques.

Figure 7

Anterior (A), lateral (B), and posterior (C)
photographic views of a hip disarticulation socket with a flexible
inner socket supported by a rigid laminated frame to provide
proximal flexibility and comfort with adequate coronal support
and suspension over the iliac crests. (Courtesy of Phillip M.
Stevens, MEd, CPO, FAAOP, Salt Lake City, UT.)

Figure 8

Anterior (A) and posterior (B) photographic views
of a patient wearing a hip disarticulation socket in which the
rigid frame is secured to a silicone interface undergarment
using a combination of suction suspension and lanyard

attachment. This design allows for reduced rigid trim lines.
(Courtesy of Phillip M. Stevens, MEd, CPO, FAAOP, Salt Lake
City, UT.)

Figure 9

Anterior (A) and posterior (B) photographic views
of a low-profile hip disarticulation socket in which the reduced
rigid socket trim lines fail to capture the ipsilateral iliac crest.
Suspension relies on the oblique compression created as the
flexible inner socket passes over the contralateral iliac crest.
(Courtesy of Phillip M. Stevens, MEd, CPO, FAAOP, Salt Lake
City, UT.)

Creating the Hemipelvectomy Interface
When designing the socket for an individual using a hemipelvectomy
prosthesis, in the absence of pelvic anatomy for weight bearing, care must
be taken to create additional soft-tissue compression and more aggressive
trim lines. Prosthesis design for this level of amputation can be very
challenging for many reasons, including the limited weight-bearing area
and restrictive trim lines leading to a loss of range of motion and comfort.
Providing abdominal pressure and compressing the soft tissue on the
amputated side in a diagonal fashion will aid in weight bearing, but often
more support is needed. Additional support may be gained from the costal
margins and sound side ischium if needed.

Figure 10

Photographs demonstrate an overview (A) and
close-up view (B) of a weight-bearing impression technique that
is often preferred at the hip disarticulation level because it
allows the patient to have some distal end bearing during the
impression capture. Anterior and posterior wedges are used to
create a socket shape that best captures pelvic motion.
(Courtesy of Ottobock, Austin, TX.)

In contrast to the skeletal loading that occurs with weight-bearing
impressions, suspension casting techniques are generally used during the
impression capture of hemipelvectomy sockets to compress and contain
the soft tissues of the residual body surface and create a more hydrostatic
loading environment. This process also identifies concentrated pressure
tolerant areas within the suspension sling that can be enhanced to further
distribute weight-bearing forces and limit the pistoning that can occur in
the absence of adequate precompression.14 In these approaches, the patient
is harnessed from a suspension apparatus to lift the pelvis off the casting
surface as the impression is obtained.

Prosthetic Alignment
Stability of the hip disarticulation prosthesis relies primarily on the
alignment of the components in relation to the socket in the sagittal plane.
The alignment principles of the 1950s Canadian-style prosthesis are still
used today and involve the projection of a line in the sagittal plane from
the prosthetic hip joint center through the prosthetic knee axis. This
reference line should fall somewhat posterior to the heel of the shoe. This
sagittal reference line is still often used today. (Figure 11).
More contemporary sagittal alignments will use a plumb line from the
sagittal socket bisector. This alignment will position the socket over the

prosthetic knee axis and prosthetic foot to provide biomechanical stability
for the user (Figure 1). In the frontal plane, the hip joint approximates the
bisection of the socket with 5° to 10° of external rotation to match
anatomic lower limb rotation10 (Figure 7, A). As discussed earlier, in
most traditional hip disarticulation designs, the length of the prosthesis is
made slightly shorter than the sound side.

Gait Biomechanics and Physical Therapy
To properly align, adjust, and train the user of a hip disarticulation
prosthesis, it is helpful to have knowledge of prosthetic function during the
phases of gait. Training patients to properly weight shift, balance, and use
their pelvic muscles are key factors in achieving successful ambulation.
During initial contact, maintaining an erect posture and proper heel contact
or stride is important to begin ambulating. During this phase of gait, the
ground reaction force passes posterior to the ankle of the prosthetic foot
and is slightly anterior to the mechanical knee center (Figure 12). The
posterior position of the ground reaction force relative to the ankle joint
causes a plantar flexion moment. In most instances, it is important that a
soft heel allows this motion to occur. A firm heel may produce a resultant
flexion moment at the knee, causing instability. However, when knee
componentry is designed to allow stance flexion, it is also important to
allow this motion to occur in the early stance phase. Stance flexion is more
normal in walking mechanics and provides a natural shock absorbing
feature for the user.

Figure 11

Photograph demonstrates the Canadian hip
disarticulation sagittal reference line (green line). A line is
projected from the prosthetic hip joint center through the
prosthetic knee axis. This reference line should fall somewhat
posterior to the heel of the shoe, although this will also depend
on the inherent stability of the knee, with the line more posterior
in less stable knees. (Courtesy of Phillip M. Stevens, MEd,
CPO, FAAOP, Salt Lake City, UT.)

Figure 12

Photograph demonstrates the initial contact
phase of gait in a patient with a hip disarticulation prosthesis.
The ground reaction force (green line) passes posterior to the
ankle of the prosthetic foot. Its position relative to the knee joint
will depend on the inherent stability of the knee. Unstable
knees require a posterior knee position, whereas more stable
knees allow a more anterior knee position. (Courtesy of Phillip
M. Stevens, MEd, CPO, FAAOP, Salt Lake City, UT.)

During the phase of loading response, the center of mass remains
posterior to the ground reaction line causing slight rotation of the socket
toward extension. In single-axis hip joints, the hip bumper comes into
contact with the socket, allowing the user to move forward over the foot
(Figure 13). In hip joints that have hydraulic damping of extension, this
damping function provides a smoother progression over the leg and
decreases the impact load through the socket.
When the user comes to the midstance phase of gait, the ground
reaction line moves anterior to the ankle joint, anterior to the knee joint,
and continues to pass posterior to the hip joint (Figure 14). The hip
bumper is now in full contact, and the knee is stabilized. At this point, the
user is in single-limb support and the socket must provide coronal stability
through the pelvis to prevent instability. During midstance, the path of the

center of mass of the body is dictated by the shape of the foot and
compression of the tissues in the socket. The stability of the prosthesis
results from gravity locking all three joints. Therefore, it is safe to allow
full weight bearing on the prosthesis and swing through of the sound side
leg. Momentum or inertia then causes the body to move forward over the
prosthesis.
During terminal stance, the body must maintain an erect, upright
position. The ground reaction force passes anterior from the forefoot of the
prosthesis, slightly anterior to the mechanical knee axis, and well posterior
to the hip joint axis (Figure 15).

Figure 13

Photograph demonstrates the loading response
phase of gait in a patient with a hip disarticulation prosthesis. In
single-axis hip joints, the hip bumper comes into contact with
the socket, allowing the user to move forward over the
prosthetic foot. (Courtesy of Phillip M. Stevens, MEd, CPO,
FAAOP, Salt Lake City, UT.)

With the body held erect, torque produced at the hip joint with the hip
extension stop combined with controlled posterior tilting of the pelvis
causes knee flexion during preswing (Figure 16). An intimately fitted
socket in the lumbar region and compression of the abdominal region
anteriorly contribute to controlling knee flexion to initiate the swing phase.
Use of the core abdominal muscles aids in allowing the user to walk
efficiently and control knee flexion for the swing phase. This is why the

socket fit is so important, and proper training of this motion is necessary.

Figure 14

Photograph demonstrates the midstance phase of
gait in a patient with a hip disarticulation prosthesis. The ground
reaction force (green line) moves anterior to the ankle joint,
anterior to the knee joint, and continues to pass posterior to the
hip joint, creating a stable alignment. (Courtesy of Phillip M.
Stevens, MEd, CPO, FAAOP, Salt Lake City, UT.)

Figure 15

Photograph demonstrates the terminal stance
phase of gait in a patient with a hip disarticulation prosthesis.
The ground reaction force (green line) begins at the forefoot of
the prosthesis, passing anterior to the ankle, slightly anterior to
the mechanical knee axis, and well posterior to the hip joint
axis. (Courtesy of Phillip M. Stevens, MEd, CPO, FAAOP, Salt
Lake City, UT.)

Figure 16

Photograph demonstrates the preswing phase of
gait in a patient with a hip disarticulation prosthesis. Torque
produced at the hip joint combined with controlled posterior
tilting of the pelvis causes knee flexion during preswing. An
intimately fitted socket in the lumbar region and compression of
the abdominal region anteriorly contribute to controlling knee
flexion to initiate the swing phase. (Courtesy of Phillip M.
Stevens, MEd, CPO, FAAOP, Salt Lake City, UT.)

During the phase of initial swing, suspension becomes very important.
The hip extension stop is engaged, the thigh is nearly vertical, and the
internal knee extension spring of the knee joint prevents excessive heel
rise and initiates extension of the shank (Figure 17).
During midswing, the knee comes to full extension. In normal human
ambulation, swing through is the period of greatest knee angulation
(approximating 65°), with the hip joint in 25° of flexion and the ankle joint
in a neutral position to shorten the limb for adequate floor clearance. This
is not true of a hip disarticulation prosthesis. The hip joint flexes only after
the shank section has reached full knee extension and, therefore, is at its
greatest length at midswing (Figure 18). Because of this, the prosthesis
must be made slightly shorter. Adequate clearance is also obtained by
keeping the trunk vertical so that the hip joint is kept forward and as high
as possible. Newer hip joints have the ability to initiate hip flexion while
the knee is still in flexion, thus reducing the amount of pelvic tilt needed
and allowing the prosthesis to be made full length. It is still necessary for
the prosthesis to maintain its position on the pelvis and not lose its
suspension component. Inadequate suspension may produce gait
deviations, such as hip-hiking on the amputated side and vaulting on the
sound side.

Figure 17

Photograph demonstrates the initial swing phase
of gait in a patient with a hip disarticulation prosthesis. With the
hip extension stop engaged, the thigh is nearly vertical and the
extension assist of the knee joint prevents excessive heel rise
and initiates extension of the shank. (Courtesy of Phillip M.
Stevens, MEd, CPO, FAAOP, Salt Lake City, UT.)

Summary
A team approach, which includes the patient, the physician, the prosthetist,
and the physical therapist, will aid an individual with a hip disarticulation
or hemipelvectomy prosthesis in achieving successful use. It is important
that a patient with a proximal lower limb amputation understands and is
provided with full information regarding the high physical and emotional
demands of walking. When developing the prosthesis, the treatment team
should understand the patient’s wishes, physical condition, motivation, and
functional activities so that the prosthesis will meet the needs of that
patient. Advanced materials and technology, along with dedicated gait
training, will aid the patient in reaching his or her goals.

Figure 18

Photograph demonstrates the midswing phase of
gait in a patient with a hip disarticulation prosthesis. The
prosthetic knee reaches full length at midstance. Swing phase
clearance is obtained by means of a shortened prosthetic build
height, hip hiking, circumduction, vaulting (shown), or a
combination of these accommodations. (Courtesy of Phillip M.
Stevens, MEd, CPO, FAAOP, Salt Lake City, UT.)
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Chapter 49

Osseointegration: Surgical
Management
Jonathan A. Forsberg, MD, PhD Rickard Brånemark, MD,
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Abstract
Osseointegration allows an external limb prosthesis to be attached directly
to the skeleton using bone-anchored, skin-penetrating implants. This
procedure can improve the lives of appropriately selected patients who
cannot tolerate traditional, socket-based prostheses. Osseointegration should
be viewed as a combined surgical and rehabilitation program that requires
close coordination between orthopaedic surgeons, rehabilitation specialists,
and prosthetists. Requirements to achieve long-term success include good
surgical technique to eliminate motion at the skin-implant interface and
controlled rehabilitation with graded loading.
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Introduction
In 1843, Malgaigne1 applied the first transdermal implant, in which metal
penetrated both skin and bone. In doing so, he used a screw to fix a
fractured tibia, thereby creating the earliest form of external fixation. Since
then, Steinmann pins and Kirschner wires have been routinely used to
control bone position by transfixing soft tissue and bone, albeit for limited
periods of time. In addition, external fixation is an accepted form of
treatment of some fractures, as well as a mainstay in the field of deformity
correction and limb lengthening. The problem is not necessarily the boneimplant interface, which remains stable after true osseointegration occurs.
Rather, difficulties remain with the skin-implant interface, particularly if
motion exists between them. Transdermal implants, no matter their
location, remain at risk from infection and will eventually loosen. Despite
extensive research and progress, which has allowed transdermal implants
to become routine in modern orthopaedic practice, this problem remains.

Background and Outcomes
As reviewed by Murphy,2 experimental work on bone fixation of external
limb prostheses in the past has been sporadic and performed on a small
scale. In 1942, a project to develop external fixation in the United States
was rejected. Later, in 1946, Dümmer in Pinneberg, Germany2 studied
metal-implanted limb extensions in sheep and extended the study to human
patients, four of whom had prostheses attached to metal implants. When
one implant became infected, the study was discontinued, and all the
implants were removed. Cutler and Blodgett3 studied skeletal attachments
experimentally; however, all implants were discontinued because of
continued difficulty with infection.
In the United States, Mooney et al4 fitted a prosthesis to the humerus
of an individual who had three amputations. The implant was removed a
few months later, after signs of deep infection developed. Esslinger5
performed a further study of penetrating implants in dogs; Hall6 and Hall
and Rostoker7 achieved considerable success with penetrating implants
that were implanted into the hind limbs of Spanish goats. In 20 goats, only
2 implants failed in 14 months, during which time the animals were very
active.
These data provided little encouragement for further studies until an
unrelated observation by Brånemark8 suggested the possibility of long-

term tolerance of a transdermal metal implant. Brånemark8 was studying
microcirculation within bone, which involved the insertion of an
observation tube into the bone marrow of the tibia of a rabbit. The optical
device was made of titanium and was found to be almost impossible to
remove after several weeks of study because the titanium appeared to have
“integrated” with the bone.
Extensive studies involving a team of researchers led by Brånemark in
Gothenburg, Sweden in association with the Department of Orthopaedics
at the University of Gothenburg showed that commercially pure titanium
was well tolerated within living bone and relatively resistant to infection.912 Titanium forms a resistant surface oxide layer, which in living tissue
can be augmented by a peroxide layer. This peroxide layer is thought to be
a hydrated titanium peroxy matrix that does not tolerate surface pathogenic
activity, does not inhibit endothelial cells or osteocytes, but inhibits
macrophages. This characteristic allows the material to be tolerated in
living bone without the interposition of a fibrous tissue layer, so, according
to Brånemark et al9 and Linder et al,13 this close contact has been termed
osseointegration with the implanted material.
Current work has not yet revealed any important benefit from surface
additives or treatment of the machined titanium surface. However, in a
meta-analysis of dental implants, Esposito et al14 concluded that even if no
statistically significant difference exists when comparing early failures in
implants with either smooth or roughened surfaces, trends clearly favored
implants with roughened surfaces.
The biomechanical effects of an intraosseous implant have been
studied by several groups of researchers in different countries.15-18 Jacobs
et al19 conducted a study on the sensation derived from prostheses in both
conventional and bone-fixed prostheses. Ysander et al20 investigated nerve
endings in proximity to the intraosseous titanium implant and the role of
neuropeptides.
Importantly, numerous studies have been conducted at the interface
between the skin and the penetrating metal. Acrylate adhesives provide
only temporary attachment to a metal surface. A considerable degree of
cellular invasion into mesh materials has been observed, including
titanium gauze and textile meshes of various polymers. In addition, early
attempts at sealing the skin-implant interface21 have achieved some
success in the preclinical setting. However, none of these techniques has
yet provided any clinical advantage over the simple skin perforation of

surgically stabilized soft tissues that has been used in the Brånemark
system.
After poor results were noted, a porous transdermal surface developed
for use in patients with transfemoral amputations was abandoned in favor
of a smooth construct.22 With these clinical data in mind and despite
preliminary data that would suggest otherwise,23 an implant developed by
Jeyapalina et al24 had to be redesigned in favor of a smooth interface.
Although the revised implant has been tested in sheep, it has not been
tested or used in humans. The only other transdermal implant that has been
used successfully in humans, the Intraosseous Transcutaneous Amputation
Prosthesis (Stanmore Implants), also has a smooth transdermal surface.25
In a current evaluation of 51 patient with transfemoral amputation who
were treated with the OPRA (Integrum) implant system and followed for a
minimum of 2 years, before-and-after assessments demonstrated
statistically significant improvements in prosthetic use, mobility, and
functional status—plus fewer problems—compared with their previous
socket-based prostheses.26 As expected, superficial infections were the
most frequent complications. Twenty-eight of the 51 patients (55%) had
one or more superficial infections that, without further complications, were
successfully treated with antibiotics. Deep infections developed in four
patients (8%), and in one of these patients, the infection loosened the
fixture. However, in the remaining three patients, the fixtures were
retained. In three of four patients, aseptic loosening was the reason for
implant loosening. Most of the femurs demonstrated some degree of
radiographic bone resorption. However, no periprosthetic fractures
occurred, and no correlation to impaired rehabilitation results or implant
loosening could be found. Instead, in accordance with previous
experiences from oral applications, radiographic bone resorption seemed
to diminish with time.
Tsikandylakis et al27 reported on 18 patients with transhumeral
amputations who were treated with an osseointegrated percutaneous
implant. The 2- and 5-year implant survival rates were 83% and 80%,
respectively. Similar to the lower limb, superficial infections were the
most common adverse events, with the 2- and 5-year incidence rates at
19% (3 of 16) and 38% (5 of 13), respectively. However, infections in the
upper limb were much less frequent than in the lower limb. Tsikandylakis
et al’s27 treatment included local mechanical cleaning of the transdermal
interface, local or oral antibiotics, restriction of soft-tissue mobility by

using a silicone liner, and surgical revision of the prosthesis in two of the
five patients who had infections after 5 years. Three implants failed and
required removal during the study period. Two failures were caused by
loosening in the setting of a deep infection, one of which was successfully
reimplanted after a two-stage revision. The third implant was removed
before an adjacent glenohumeral arthrodesis procedure was performed.
Based on this relatively large amount of clinical experience, treatment
principles were established and incorporated into a surgical, rehabilitation,
and follow-up program. Herein, guidelines are defined in terms of patient
selection, surgical techniques, healing time, rehabilitation, follow-up, and
the educational information provided to the patient and treatment
personnel. From these guidelines, patients may be more appropriately
counseled on the risks and benefits of this procedure, including the
relatively common risk of implant-related infections: one superficial
infection can be expected every 2 years for each transdermal implant.

The Brånemark System
Engineering alone is insufficient to mitigate all complications related to
the use of a surgical device, and careful attention to the surgical technique
is arguably as important. Given that none of the approaches have
performed better than the Brånemark system for bone attachment of a limb
prosthesis, that surgical technique is presented in this chapter to not only
discuss the implantation of the bone-anchoring device but also show an
example of how to prepare and optimize the skin-implant interface.

Figure 1

Illustration of the Brånemark implant system with
the titanium threaded fixture, the skin-penetrating abutment,
and the retaining screw. (Courtesy of Integrum, Mölndal,
Sweden)

After being introduced in accordance with the Malchau28 guidelines
for the stepwise introduction of new implant technology, the Brånemark
system has been extensively used for dental prosthetics, maxillofacial
reconstructions, prosthetic ears, and hearing aids. In the field of limb
prosthetics, phalangeal and metacarpal implants have been used for
patients with digital (finger and toe) amputations and have been
particularly effective for thumb prostheses. Radial and ulnar implants have
been used for patients with forearm amputations, with humeral implants
being used for patients with upper arm amputations. All of these patients
were treated with custom-designed implant systems.
In the lower limb, implants in the residual femur for patients with
transfemoral amputations represent most of the patients treated, and the
Brånemark system (Figure 1) is available on an off-the-shelf basis for this
amputation level. (It is not currently available for other lower limb levels.)
Because of the high loading imposed by lower limb prosthetic use, load is
slowly and progressively applied. From commencement of loading to the
unrestricted use of a prosthesis without aids may take 6 to 12 months,
depending on the patient’s body weight and initial bone quality.
All the implant components were originally fabricated from
commercially pure titanium to avoid any potential electrolytic effects or
effects from the alloy; for this reason, stronger titanium alloys were not
used in the system. The instruments used to handle these components also
were manufactured from the same titanium. More recently, based on basic
research29 and clinical practice in the past 10 years, stronger alloys are
being used.
The fixture, or implant, that is inserted into the medullary cavity of the
residual long bone consists of a tubular component with a self-tapping
thread on its surface to engage the endosteal cortex. The fixture serves as
the connecting point for the abutment, which penetrates the skin of the
residual limb and protrudes to permit attachment of the artificial limb.
The abutment is located in the lower end of the implant in a hexagonal
recess and retained by a long retaining bolt, passing through the abutment,
to engage an internal threaded section in the lower portion of the implant.

When in place, the head of the retaining bolt forms the lowest point of the
protruding abutment. This arrangement enables the abutment to be
changed, from time to time, without disturbing the implant itself. A
damaged abutment can be replaced in an outpatient setting, without
anesthetic. If use of the system has to be discontinued, the abutment alone
can be removed, and the penetration site heals rapidly.
Achieving osseointegration, that is, the direct attachment of bone to the
titanium fixture, is critical to the success of any implant based on the
Brånemark system. The time needed for bone ingrowth to develop is
currently 6 months in the residual femur, 3 months in a humerus or a digit,
and even less time in a dental implant. This particular implant requires a
two-stage surgical procedure to establish the system in the affected limb
(the limb with the amputation). During the first stage, the implant is placed
within the bone, and the skin and soft tissues are closed. During the second
stage, the scar is reopened, the skin penetration site is carefully prepared,
and the abutment is placed in readiness for attachment of the training aids
that precede use of the limb prosthesis. This concept is critical to the
understanding that osseointegration itself is not merely a surgical
procedure; it is a long-term rehabilitation strategy for patients with
amputations.

Clinical Management
The management and rehabilitation of patients with a transfemoral
amputation treated with osseointegration in the United Kingdom has been
described by Sullivan et al.30 Their system, with minor variations, has now
been used in Gothenburg, Sweden; London, England; Montpellier, France;
Gent, Belgium; Santiago, Chile; Aarhus, Denmark; Leiden, The
Netherlands; Porto, Portugal; Madrid, Spain; Barcelona, Spain; Amman,
Jordan; and Melbourne, Australia.
Patients with transfemoral, transhumeral, or partial hand amputations
interested in osseointegration must understand that the procedure is still in
its early stages of development. Therefore, they must be prepared to enlist
in possible recruitment-related clinical studies, which involves signing an
in-depth informed consent document. The widest ethical considerations
must be incorporated and approved by the appropriate authorities. This
process is especially true in the United States, where osseointegration will
first be performed under a humanitarian use designation for patients with
transfemoral amputations and as part of an early feasibility study for

patients with transhumeral amputations.
The most current information is provided to each potential patient in a
pamphlet and with preliminary clinic consultation. Then each patient’s
medical advisors should be consulted to obtain his or her approval and
referral. A further consultation and discussion is performed to decide if the
patient should proceed to a residential assessment, in which each member
of the multidisciplinary team can contribute to the assessment so that the
patient can obtain all the available information on which to make his or her
decision to take part in the clinical study. An extensive network of patients
treated with the Brånemark system allows each prospective patient to visit
with an individual who has undergone osseointegration, which is an
important factor in ensuring that realistic expectations are maintained.
Because the clinical and rehabilitation program is approximately 18
months in duration, the patient must be certain that the benefits will
outweigh the risks and financial difficulties, particularly because
employment may not be possible during the training period after the
second stage of the procedure.
In general, patients who have factors that interfere with bone and softtissue healing should be excluded from the clinical study. Medications
such as steroids, immunosuppressants, and chemotherapy regimens serve
as criteria for exclusion. In addition, age older than 70 years, together with
adverse factors such as heavy smoking, a body mass index greater than 30
kg/m2, and personality or psychiatric disorders that might lead to failure to
accept or follow the treatment protocol are also contraindications. Local
factors in the residual limb must be considered, including poor bone
quality or atrophy, residual and/or chronic osteomyelitis, metabolic bone
disease, inadequate residual bone length to contain the fixture,
degenerative hip or shoulder joint disease, and/or fixed flexion deformity
of the hip.
Patients who will particularly benefit from osseointegration are those
who are unable to tolerate a conventional socket prosthesis. Those with
short residual limbs and bilateral transfemoral amputations are good
candidates. A survey of individuals with transfemoral amputations has
shown that many accept discomfort and poor function from their socket
prostheses.31 With further experience with the technique, the positive
indications for the Brånemark system may widen, particularly in the
setting of oncologic diagnoses.

Preoperative Preparation
Prior to the first surgical procedure, CT is used to evaluate the skeleton of
the residual femur or humerus. The spiral CT scan on a skeletal setting is
set for 1-mm cuts across the entire length of the site of the implant and 3mm cuts for the remainder of the femur. The limb must be securely
immobilized during the entire scan, and the axis must be maintained
constantly at 90° to the plane of the cuts. Three-dimensional
reconstructions may be helpful in the case of abnormal bones.
The implant is placed where it has the optimum contact with the
compact cortical bone of the femoral shaft, where the self-tapping screw
thread engages to a depth of 1.5 mm over the maximum surface area of the
implant. The usual diameter in a male transfemoral patient is
approximately 16 to 20 mm. For the male transhumeral patient, a typical
diameter is 13 to 15 mm at the middiaphyseal level. The optimal length of
the femur or the humerus is determined from radiographs. Any shortening
necessary will be performed during the first stage; if possible, at least 18
cm will be needed from the end of the residual bone to the level of the
opposite knee joint line for the attachment components.
The surgical preparation is similar to that of any major orthopaedic
procedure in which a prosthesis is to be implanted. The preoperative
laboratory evaluation should include a complete blood count and
coagulation studies. The authors of this chapter do not routinely obtain
other measures of indolent infection, such as the C-reactive protein level or
the erythrocyte sedimentation rate. Low-molecular-weight heparin
prophylaxis is generally used, and perioperative intravenous antibiotics are
given as per institutional guidelines. The patient’s blood group should be
known, and an on-site transfusion facility should be used; however,
transfusion is rarely required.

Surgical Procedure
First Stage
Either epidural or general anesthesia is satisfactory; however, the authors
of this chapter prefer not to use neuraxial anesthesia because of a
somewhat increased risk of urinary tract infections, so general anesthesia
is most frequently used. The patient is positioned prone on the operating
table with a bump under the ipsilateral hip. The limb is prepped and draped
free in the typical sterile fashion. The table should permit image intensifier

imaging of the surgical limb. Monopolar and bipolar electrocautery is
used, and saline irrigation with suction is used as needed. Whenever
possible, gravity irrigation is preferable to pulse lavage methods.
Specimen containers to collect the reamings (bone graft material) should
be available.
In most patients, the scar from the definitive amputation is excised, and
the original full-thickness skin flaps are raised. The muscle near the bone
end is cleared to reveal the bone end. The femur or the humerus is resected
at the optimal length. No further soft-tissue refashioning is performed at
this stage, unless absolutely necessary; such refashioning is typically
addressed during the second-stage procedure.
The bone end is exposed, the femoral medullary cavity is identified,
and the muscles are split proximally to expose the femoral shaft 5 to 6 cm
above the bone end. In this area, the clamp of the introducer jig is applied
when a provisional alignment with the bone end is fixed. Using the jig, the
femoral canal is entered, and alignment is checked with the image
intensifier. With this alignment, the femoral canal medullary cavity is
bored with hand reamers to the diameter planned from the CT scan. With
slow rotation and frequent saline irrigation, bone heating is carefully
avoided. The hazard of bone damage from heating has been
documented.32 Alignment is checked using biplanar fluoroscopy until the
implant is ready to be received.
The implant is mounted on its introducer, which is then placed onto the
guide used for the reaming process. The introducer acts as a shaft to drive
the implant mounted on the proximal end powered by the “T” handle at the
other end. Some skill and strength are required to screw the implant into its
planned position; if the rotation is stopped, the implant may bind despite
lubrication with blood and saline. The rate of rotation is slow to minimize
the chance of bone damage by heating. When the implant is in place, the
position is checked again, with the image intensifier images recorded for
future reference.
The fixture has a central boring that is closed by a central screw
tightened to 80 N-cm using a special torque wrench. The distal lumen of
the implant is thoroughly cleansed with saline irrigation before the healing
screw and cylinder are inserted from below to close the lower part of the
lumen of the implant and preserve the internal thread and later to accept
the abutment-retaining bolt. Bone graft is placed directly under the
mushroom-shaped graft screw. The displaced muscle and soft tissue are

sutured into place using absorbable suture, and the skin is closed with
suction drainage. A normal residual limb compression dressing is applied
in a herringbone fashion.
The patient usually makes a rapid recovery; the residual limb remains
in a resting position until the suction drain is removed after 24 hours. At
this time, full activity is resumed. Most patients have been unable to use an
artificial limb and recommence crutch walking when postoperative
swelling has subsided, normally within 4 to 6 weeks. After suture removal
at approximately 3 weeks, a conventional artificial limb can be worn if this
was possible before the procedure. However, it is of prime importance that
hip flexion contracture does not develop, so a supervised exercise program
should be started. Early activity and discharge from the hospital are
encouraged.
In the 6 months that pass before the second-stage procedure is
performed, patients are encouraged to maintain a high level of physical
fitness. Weight gain must be avoided, and anything that compromises bone
healing is discouraged, including smoking, substance abuse, and excess
alcohol consumption. A normal mixed diet is recommended, with calcium
and vitamin D supplementation. The use of NSAIDs is not recommended
during the healing process.
Second Stage
The preoperative management for the second stage is the same as for the
first-stage procedure, with antibiotic prophylaxis and low-molecularweight heparin administration.
The previous surgical scar is excised or reopened to allow fullthickness skin and subcutaneous tissue flaps to be raised. The estimated
site for the penetration of the abutment will be carefully marked when the
final myofascial cutaneous flaps are created. Important considerations
include the need for healthy normal skin with adequate blood supply,
without compromise from previous scars.33 To ensure adequate blood
supply for the flap(s), excessive or extensive mobilization or tissue
separation should be avoided. The dissection is carried to the bone end,
and the graft screw is revealed.
If the first-stage procedure did not produce an effective myoplasty or
myodesis, one must be created to retain the function of the residual
muscles, particularly those responsible for adduction.34 Redundant soft
tissue is trimmed, and muscle is strongly sutured to the distal periosteum

and the opposing muscle to effect a strong myoplasty located at but not
covering the bone end. In early cases, a true myodesis was performed by
using multiple small drill holes at the bone end, but this proved to impair
healing at the transdermal site. The bone end should be flat, smooth, and
clear of periosteum with rounded edges to produce a maximum area of
living bone for adhesion to the skin at the penetration site.
The position of the penetration mark is checked when the flap is
reduced over residual bone. Next, the inside of the flap at this site is
thinned over an area corresponding with the bone end in the manner of a
full-thickness skin graft. The edge of a glass slide is an effective scraper
for achieving this thinning. Subcutaneous fat is removed from the
undersurface until the follicles are just visible (Figure 2). The graft screw
and healing cylinder are removed, and the selected abutment is checked for
size and fit. In some cases, considerable cleansing and irrigation are
required to clear the lumen of the lower implant. The penetration site is
made using an 8-mm dermatology punch biopsy to accommodate the 11mm abutment in the femur, and a 6-mm punch is used to accommodate a
10-mm abutment in the humerus (Figure 3). Considerable care is needed
to attach soft tissue to residual bone, which is done to prevent motion or
tension at the skin-implant interface while not impeding the necessary
blood flow to ensure healing of the dermis to the underlying bone.35
Interrupted, subcuticular stitches composed of 2-0 (femur) and 2-0 or 3-0
synthetic monofilament absorbable suture are used to suture the skin in
two concentric circles around the penetration site. Each circle is lightly
sutured to locate the flap without any tension on the penetration site.
“Buttonholing” is strictly avoided. The sutures are placed so the prepared
skin hole is centered on the hole in the bone. The abutment is passed
through the penetration in the skin flap and seated in the hexagonal socket
at the lower end of the implant. The abutment retaining bolt is then
introduced into the lower end of the abutment and advanced to engage the
threaded part of the lumen of the implant, and it is screwed finger-tight at
this stage.

Figure 2

Schematic illustration of the second-stage softtissue procedure. Note that in the area where penetration is to
be created, the subcutaneous fat was removed until the follicles
were just visible.

Figure 3

Intraoperative photograph shows the penetration
site, which is made just prior to suturing the skin penetration
site to the residual bone. Note that the penetration site is made
using an 8-mm dermatology punch biopsy to accommodate an
11-mm abutment in the femur in lower limb procedures and a 6mm punch to accommodate a 10-mm abutment in the humerus
in upper limb procedures.

For the incision, skin closure is performed in a layered fashion, as
previously done, with suction drainage. It should be remembered that a
hematoma could compromise the viability of the skin at the penetration
site. Furthermore, the suction effect of the drainage might help to keep the
skin in contact with the bone. The abutment bolt is tightened to a torque
value of 12 Nm. The penetration site is dressed with paraffin gauze, and
the residual limb is dressed with a fluffed gauze, light-pressure bandage. A
dressing cylinder is provided to fit on the stem of the abutment and retain

the penetration dressing. This 10-cm diameter cylinder is secured by a
slide to the abutment shaft, which allows it to be easily removed for
dressing change. It is important to monitor the pressure exerted by the
dressing to avoid skin necrosis at the penetration site. Radiography can be
used to ensure that the abutment remains collinear with the fixture and
there is no change in fixture position or alignment in relation to the cortex
(Figure 4).
After the procedure, close supervision is required to ensure rapid
healing with adhesion of skin to the bone end. Close approximation of the
skin to the abutment shaft and stable healing of the skin onto the bone end
appear to give the best chance of a trouble-free penetration. However,
daily hygiene also is essential, and the patient is instructed in the care of
the penetration. Each day the site should be wiped with sterile saline and
any crusting or discharge removed. After the first week, no dressing is
required, but a polyethylene foam disk or a twist of dry gauze is
recommended. Ventilation and cleanliness are needed to achieve a stable
skin-implant interface (Figure 5).

Figure 4

AP radiograph of the distal femur demonstrates a
well-fixed OPRA implant consisting of a fixture, an abutment,
and an abutment screw.

Postoperative Management
The patient is discharged home between 10 and 14 days after the secondstage procedure, when the skin surrounding the penetration is satisfactory
and all tissue reaction to the surgery has resolved. A gentle exercise
program is started without resisted movements and avoiding rotational
movements; the prevention of hip flexion contracture is of great
importance. The patient is reviewed at 3 weeks for suture removal and

again at 6 weeks when the training program begins.

Figure 5

Clinical close-up photograph of a stable femoral
skin-penetration site. Note that the shape of the distal femur
can be seen with adherent, overlying skin.

A short training prosthesis is provided to facilitate the exercise
program and apply measured force to the abutment and thus to the implant.
The torque of the abutment-retaining bolt is checked at regular intervals,
and some tightening may be required to regain 12-Nm torque. Any
loosening at the abutment implant interface will result in micromotion,
with black discharge of titanium oxide particles and wear of the
components.
The short training prosthesis is a 10- to 25-cm tubular extension that is
clamped to the abutment. It is measured to correspond with the length of
the opposite femur and is measured from the opposite knee joint line. It is
fitted with a platform end on which the patient can apply measured loads
—initially 20 kg vertically by pressing onto traditional spring-type
bathroom scales that provide continuous analog output. The axial weight
load is increased by 10 kg each week. After 3 weeks, the load is applied
for 10 to 15 minutes each day. When 40-kg weight bearing is achieved,
resistance exercises are started, with 1-kg weights attached to the end of
the short training prosthesis. Patients may then proceed to prone kneeling.
When 60-kg loading is achieved, upright kneeling can be started. If at any
stage the residual limb becomes painful, the loading program is postponed
until the pain has resolved. In most cases, full weight bearing should be
achieved between 3 and 6 months after the second-stage procedure, at
which point the patient can be supplied with a full-length temporary

prosthesis containing a knee and foot mechanism.
Standing weight bearing is commenced between parallel bars, with a
progressive increase in load until at 6 weeks partial weight bearing allows
progression to walking with crutches. Further progress is walking with
canes until unrestricted walking is possible. The patient learns to recognize
that pain near the implant represents overloading, which resolves by
reducing the load; persistent pain must be investigated to exclude the onset
of loosening or deep infection. The time required for the overstress pain to
resolve will normally take a few days, but it may take several weeks, and
this effect may determine the time that it takes for full weight bearing and
activity to be achieved. Current experience suggests that the patient should
be prepared for the loading program to require up to 1 year after the
second-stage procedure, especially in the case of poorer bone quality.

Summary
Osseointegration provides a direct skeletal attachment of prostheses;
however, osseointegration should not be considered as merely a surgical
solution; it is more appropriately a combined surgical and rehabilitation
program that requires close coordination between orthopaedic surgeons,
rehabilitation specialists, and prosthetists. For implants such as the OPRA
implant that require bone ingrowth over a large surface area, a two-stage
procedure is necessary to safely achieve stable osseointegration. The longterm success of the device requires a considerable amount of attention at
the transdermal or penetration site to ensure a tension-free closure and
eliminate motion at the skin-implant interface. When applied in a diligent
and conscientious manner in appropriately selected patients, the
technology can dramatically improve the lives of patients with
amputations who cannot tolerate traditional, socket-based prostheses.
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Chapter 50

Prosthetic Management of
Osseointegration
John Sullivan, MSc, HCPC, Registered Prosthetist

Abstract
Osseointegration enables the direct attachment of a prosthetic limb into the
skeletal system after amputation and eliminates many of the problems
associated with conventional socket prostheses. It is helpful to understand
prosthetic considerations and the rehabilitation process after
osseointegration, along with the advantages and potential disadvantages of
this procedure for individuals with a transfemoral amputation.

Keywords: abutment; conventional sockets; hydraulic knee;
OPRA protocol; osseointegration; prosthetics; prosthetic
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chapter.

Introduction
The surgical application of bone-anchored implants to facilitate the secure
fixation of external prostheses in upper limb and lower limb amputees has
been the subject of increasing interest and extensive research. Early
experimentation in animals and humans, such as that described by Mooney
et al,1 Esslinger,2 and Hall and Rostoker,3 was discontinued after
relatively short periods. Murphy4 and Ling5 reviewed problems
encountered during the course of this experimentation.
The osseointegration technique was developed by Brånemark in the
mid-1960s and had become firmly established in the field of dental

implant technology.6,7 Brånemark applied this technique to long bones in
1990, with the introduction of a pure titanium fixture into the femur of a
transfemoral amputee in the first stage of a two-stage surgical procedure.
The second stage of surgery entailed the refashioning of the soft tissue and
the introduction of a titanium abutment into the internal fixture, secured
under tension with a titanium alloy screw (Figure 1). The titanium
abutment protruded through the skin as the point of attachment of the
external prosthesis. This feature eliminated the need for a prosthetic socket
to transmit forces and contain the soft tissue of the residual limb during
gait.
In conventional prosthetic management, a range of problems
encountered by amputees wearing sockets have been reported, including
soft-tissue trauma, socket discomfort, inadequate methods of suspension,
excessive perspiration, and intolerance to interface materials.8-10 These
problems can severely restrict the amputee’s ability to effectively use a
prosthesis and can have a subsequent negative effect on all aspects of
function and quality of life.11-13 Bone-anchored prosthetic retention has
the potential to improve the quality of life of amputees who are unable to
function and mobilize effectively using conventional socket
prostheses.14,15
The Brånemark technique is not the only method of bone-anchored
prosthetic attachment. Other methods of skeletal attachment have been
developed or are under development. Examples of alternative skeletal
anchorage methods16 include the intraosseous transcutaneous amputation
prostheses17,18 and the method described by Aschoff et al,19 previously
termed the endo-exo device and later termed the integral system.
This chapter is based primarily on the Brånemark system of
osseointegration and relates to the direct clinical experience of the author
of this chapter. It should be noted, however, that some aspects of the
considerations and principles described apply to the alternative methods of
bone-anchored prosthetic attachment described previously. Importantly,
clinicians involved in the rehabilitation of amputees who are the recipients
of alternative bone implant systems must refer to the clinical protocols and
guidelines relating directly to the system being used.

Definitions and Primary Goal of Prosthetic
Management

Brånemark et al20 cite several definitions of osseointegration from varying
perspectives. From a patient’s viewpoint, the following definition may
apply. “A fixture is osseointegrated if it provides a stable and apparently
immobile support of a prosthesis under functional loads, without pain,
inflammation, or loosening.”20 The relationship between the bone and the
internal titanium fixture is further described at a physiologic level by
Brånemark et al20 in the following terms. “Osseointegration of a fixture in
bone is defined as the close apposition of new and reformed bone in
congruency with the fixtures, including surface irregularities, so that at the
light microscopic level there is no interpositioned connective or fibrous
tissue and [so] that a direct structural and functional connection is
established, capable of carrying normal physiologic loads without
excessive deformation and without initiating rejection mechanisms.”

Figure 1

Illustration shows the components that make up the
osseointegration system. (Courtesy of Integrum, Mölndal,
Sweden)

It is fundamentally important that clinicians keep these definitions in
mind while treating an amputee throughout the rehabilitation process after
osseointegration. The primary objective of prosthetic management
throughout the early stages of osseointegration following the second-stage
surgery is to promote a close apposition between new and re-formed bone
and the internal fixture. This is a strictly controlled and graded process.
Failure to achieve this objective, for example through the premature
application of excessive torsional or axial forces to the system, will

jeopardize the integrity of the fixture within the bone. This may result in
the formation of interposing fibrous tissue between the implant and bone,
creating what is effectively a pseudarthrosis. In the worst case scenario,
implant removal will be necessary.
The ongoing prosthetic management of the osseointegrated limb is
focused primarily toward maintaining and protecting the long-term
integrity of the internal fixture and associated components.
Prosthetic components should not be considered or prescribed in
isolation. The sum of the prosthetic components, including the implant, the
abutment, the retaining screw, and the external prosthetic components,
must be viewed as a system working in harmony to preserve the
intraosseous implant and facilitate optimal mobility and function for the
amputee.

Pre-osseointegration Assessment and Preparation
Amputees who wish to consider osseointegration, or who have been
referred for this treatment, will undergo a multidisciplinary team
assessment. The purpose of this assessment is twofold. First, it is an
opportunity for the team to assess the amputee’s suitability to undergo the
procedure. The second but equally important reason is to provide amputees
with up-to-date and relevant information to enable them to make an
informed decision about whether osseointegration is a course of treatment
they wish to undergo.
A medical evaluation, physical therapy assessment, prosthetic
assessment, gait analysis, and psychological evaluation are performed.
Further data are collected from amputees using self-reporting
questionnaires, including the Questionnaire for Persons with a
Transfemoral Amputation and the Medical Outcomes 36-Item Short
Form.21
Amputees should be older than 22 years, having reached full skeletal
maturity, with an upper age limit of 70 years. Factors that may
contraindicate osseointegration include suboptimal bone quality,
movement limitations affecting the ipsilateral hip joint, obesity, severe
peripheral vascular disease, diabetes with complications, certain drug
treatments, previous bone infection or contamination, pregnancy,
psychological factors, and reluctance to comply with the rehabilitation
protocols.

Psychological factors cannot be underestimated. Potential candidates
should fully understand and accept the implications of undergoing two
surgical procedures followed by a strictly controlled rehabilitation program
that may take more than 18 months to complete. Evidence and experience
indicate that the procedure is more likely to fail if the patient does not
comply with the timeframes and loading regimen outlined in the
Osseointegrated Prostheses for the Rehabilitation of Amputees (OPRA)
protocol.22 It is also important that the patient’s family is comfortable with
the procedure and that the socioeconomic implications of embarking on
this course of rehabilitation have been fully considered.
From a prosthetic perspective, a range of aspects must be considered.
Although a small number of amputees have undergone osseointegration at
the time of the primary amputation surgery, most patients assessed for
osseointegration are already using, or have attempted to use, conventional
socket-type prostheses. Physical issues that commonly restrict an
amputee’s use of socket prostheses include excessive perspiration, volume
fluctuations, a short residual limb, recurrent soft-tissue breakdown, socket
discomfort, and intolerance to interface materials.
Care should be taken during the assessment to evaluate the socket in
terms of design, method of suspension, volume match, and materials used
in the construction. A recommendation for another socket trial
incorporating an alternative design may be appropriate. If this option is
successful in improving an individual’s functional outcome, then it may
offer an alternative to osseointegration.
The residual limb should be considered carefully in terms of length,
strength, and range of movement at the proximal joint. A flexion
contracture in excess of 10° is likely to be a contraindication for
osseointegration. A long residual limb may require shortening at the firststage surgery to provide sufficient space for the osseointegration
attachment device and prescribed knee mechanism. The measured length
of the residual limb to its distal end should be compared with the length of
the unaffected limb to the knee center. If the available space is insufficient
to accommodate the prosthetic components, the prosthetist should advise
the surgeon and provide a recommendation of how much additional space
is required.
Amputees with short residual limbs have greater difficulty mobilizing
successfully with conventional socket prostheses. The short residual limb
has a reduced surface area through which forces can be transmitted and the

musculature, in particular the adductors,23 is substantially compromised.
Similarly, the short lever arm can result in poor control of the prosthesis
throughout the gait cycle. As a consequence, the gait is less efficient with
increased lateral flexion of the trunk. Amputees must be made aware that,
although socket discomfort issues will be addressed with osseointegration,
the biomechanical disadvantages associated with a short residual limb will
remain.
Amputees should understand that the gait symmetry may not improve
after osseointegration. The socket is no longer available to control and
optimize the alignment of the residual limb. If an amputee is considering
osseointegration for the sole purpose of improving his or her gait pattern,
disappointment is possible.
The level of prosthetic use and how it affects the amputee’s quality of
life must be clearly identified and recorded, including prosthetic wearing
tolerance (hours per day, days per week), maximum walking distance, and
the primary limitations of using a prosthesis (socket discomfort, lack of
confidence, and lack of fitness). Other factors involving prosthetic use that
must be identified and recorded include the goals and expectations of the
osseointegration procedure and whether they are achievable within the
context of the patient’s physical, medical, and psychological presentation
and whether osseointegration will likely facilitate both an improvement in
the individual’s quality of life and a high level of daily prosthetic use,
function, and wearing tolerance. Amputees should be informed that the
procedure is not designed for or appropriate for extreme activities such as
running or other repetitive high-impact activities.
The amputee must fully understand the commitment required for a
successful outcome, as well as the potential risks and hazards of
osseointegration. Such factors include the need to comply with a
potentially lengthy rehabilitation program; the requirement to have regular
follow-ups; the potential for mechanical deformation or fracture of the
abutment, retaining screw, or internal fixture in the event of a fall; and the
potential for superficial infections about the penetration site and/or deep
peri-implant infection.
A potential candidate for osseointegration should meet with another
amputee who has undergone the procedure and completed the
rehabilitation program. The final decision about whether a potential
candidate meets the criteria for osseointegration is made by the team after
the assessment is concluded. A period of reflection should elapse

following the assessment and before the final decision. This period gives
the amputee the opportunity to ask further questions before making an
informed decision. It should be noted that an amputee who may seem
suitable for osseointegration from a prosthetic perspective may not be a
suitable candidate from a medical or psychological perspective.
The overriding reason for undergoing osseointegration should be an
improvement in the individual’s level of mobility and quality of life. The
potential gain in quality of life should outweigh the potential risks of
osseointegration.

After the First-Stage Surgery
The first-stage of osseointegration surgery entails the installation of a
titanium fixture into the long bone of the residual limb, followed by wound
closure. After surgery, amputees are encouraged to follow an exercise
regimen designed to maintain proximal joint range of motion and muscle
strength in preparation for rehabilitation after the second-stage of surgery.
A small number of amputees resume mobility with a socket prosthesis
in the interim period between the two surgical stages. Ambulation should
commence only after the residual limb has fully healed. The amputee is
then measured again. Care must be taken to avoid pressure from the socket
at the end of the residual limb.

Figure 2

Photograph depicts the abutment and retaining bolt
in situ after the second stage of an osseointegration procedure.

After Second-Stage Surgery: Early Rehabilitation

and Loading
The second-stage of transfemoral osseointegration surgery is performed 6
months after the first-stage procedure. Second-stage surgery involves the
division of the distal residual limb muscles, which are sutured to the
periosteum. A distal skin flap is attached directly to the end of the bone,
forming the penetration site through which the abutment is inserted into
the internal fixture (Figure 2).
The male proximal portion of the abutment is hexagonal with a slight
taper forming a push or resistance fit with the female hexagonal receptacle
situated inside the upper portion of the internal fixture. The abutment is the
point of attachment for the external prosthesis and is fastened into the
internal fixture with a separate titanium alloy retaining screw. The system
is secured under tension, with the retaining screw tightened to a 12-Nm
torque setting using a calibrated torque wrench (Figure 3).
Absolute care must be taken after the second-stage surgery to protect
the integrity of the skin-bone interface during the early healing process.
Clinicians should always take care to avoid any unnecessary hand contact
with the residual limb and the penetration site. Prosthetic components
should be cleaned with antiseptic wipes after adjustment or handling
before they are returned to the patient.

Figure 3

Photograph demonstrates tightening of the titanium
alloy retaining screw to a 12-Nm setting using a calibrated
torque wrench.

Patients are discouraged from unnecessarily using a wheelchair during
the early period following the second-stage surgery to avoid generating

shear forces between the back of the residual limb and the seat of the
wheelchair. Such forces may disrupt the integrity of the skin-bone
interface during the healing process.
Three weeks after the second-stage surgery, patients are able to begin a
gentle exercise regimen to mobilize the proximal joint in preparation for
weight bearing. Between 4 and 6 weeks after the second-stage surgery and
subject to satisfactory healing, the patient commences weight bearing
through the intraosseous structure. The graded loading program must
follow and comply with the OPRA protocol.22 Medical guidance is sought
from the outset to determine whether the patient will undergo the normal
or the half-speed OPRA loading protocol. The OPRA loading protocol was
standardized in 1999, and available evidence indicates that the incidence
of failure resulting from premature overloading has decreased with
adherence to this protocol. Patients with less than optimal bone quality or a
thin cortex are considered for the half-speed loading program.
Graded axial loading through the intraosseous structure commences
using a short training prosthesis (STP), which is composed of a lightweight
connector that attaches directly to the abutment. This connector does not
incorporate any of the built-in safety features used in definitive fail-safe
connectors. Instead, the STP connector is designed specifically for early
loading with the STP. Prosthetic components can then be attached to the
distal aspect of the connector using a standard four-hole configuration. The
weight-bearing platform situated at the distal end of the STP should not
extend farther than the contralateral anatomic knee center. If the residual
limb is short compared with the femur on the unaffected side and/or the
patient is participating in the half-speed OPRA protocol, then the base of
the STP can be positioned proximal to the knee center of the unaffected
side. This will reduce the length of the lever arm and associated turning
moments, with a subsequent reduction in forces generated through the
intraosseous structure. Final positioning (length), particularly with regard
to short residual limbs and/or patients participating in the half-speed
OPRA protocol, should be governed by patient feedback about comfort
and pain.
Patients are provided with a soft-tissue support, which is located above
the connector to the abutment (Figure 4). This support is usually a circular
silicone disk, although some patients prefer to use a foam support. The
soft-tissue support should, by definition, support the soft tissue of the
residual limb that surrounds the penetration site through which the

abutment exits the skin. Excessive pressure must be avoided. The purpose
of the soft-tissue support is to stabilize the soft tissue surrounding the
penetration site and eliminate movement, which may cause inflammation
in this critical area. Patients are strongly encouraged to use the soft-tissue
support when they are wearing the STP and, later in the program, when
they are wearing a full-length prosthesis.
Patients who are following the normal-speed OPRA protocol initially
apply a maximum axial load of 20 kg through the STP twice a day for 30
minutes each session. Patients are able to shift their body weight
intermittently through the STP, although the maximum load applied must
not exceed OPRA guidelines at any given stage of the program.
Weight usually is applied using scales situated between parallel bars
(Figure 5), although a tailored frame incorporating a platform with a load
cell also has been used. Patients are encouraged to maintain an upright
posture, with the horizontal base of the STP flat against the surface of the
scales. The natural tendency in the early stages of weight bearing is for the
patient to flex the hip joint, taking weight through the posterior edge of the
platform. The positioning of the STP platform against the scales and the
posture of the patient must be checked regularly. The prosthetist should
ensure that the alignment of the STP facilitates an upright posture, with the
residual limb in a neutral position in both in the sagittal and coronal
planes.
As patients gain confidence and improved proprioception, they become
much more intuitively aware of the position of the residual limb and STP
in relation to the loading platform. As the program progresses, the
alignment of the STP must be evaluated and altered as the patient increases
the amount of body weight applied through the intraosseous structure. The
forces at this stage are predominantly axial, and alignment alterations are
required to minimize turning moments, particularly in the sagittal plane.
Patients following the normal-speed OPRA protocol increase the load
through the STP each week by 10 kg, whereas those following the halfspeed program begin weight bearing with the STP at 5 kg, with weekly
incremental increases of 5 kg.

Figure 4

Photograph of a circular silicone disk soft-tissue
support in place above the prosthesis connector at its abutment
with the residual limb during early post second-stage
rehabilitation.

Patients maintain a pain diary and record the level of discomfort or
pain felt during each loading session using the STP. The patient rates his
or her pain on a numerical pain intensity scale. A rating of 4 or higher,
which is consistent with mild to moderate pain, indicates the need for a
medical review to check for infection or overloading that may precipitate
aseptic loosening of the intraosseous structure. It may be necessary to
reduce the load through the intraosseous structure for a short period. In
some patients, a cessation in weight bearing may be required while the
intraosseous structure adapts and before the patient can resume
comfortable weight bearing.
It is not unusual to see a temporary increase in discomfort as loading
thresholds are raised during the early stages of rehabilitation after
osseointegration. Care must be taken to differentiate between an
acceptable increase in discomfort as a natural response to an increase in
the permissible OPRA loading threshold and discomfort or pain resulting
from premature overloading. After patients can apply their full body
weight through the intraosseous structure and STP without discomfort or
pain, they can begin gait training using a full-length prosthesis.

Figure

5

Photograph demonstrates loading of the
intraosseous structure after second-stage osseointegration
surgery using the short training prosthesis.

Full-Length Prostheses: Component Considerations
and Selection
The component that acts as the interface between the abutment and the
external prosthesis is specifically designed for this purpose and is
generically termed the fail-safe component. The fail-safe component
designed to be used with the full-length prosthesis incorporates safety
features to offset any unexpected and potentially harmful forces that may
be applied to the system in the event of a fall. The knee joint being forced
into maximum flexion during a fall is the most common cause of
abutment/retaining screw deformation. In such an event, when the knee
reaches maximum flexion, the connection between the abutment and the
fail-safe component acts as a fulcrum, with the subsequent deformation of
the abutment and retaining screw.
The most recent fail-safe design is called the Axor connection device
(Integrum AB). The Axor device attaches to the abutment using a chuckgrip configuration (Figure 6, A). The device incorporates safety features
to protect the integrity of the internal fixture inside the bone as well as the
abutment/retaining screw in case an excessive twisting or flexion moment
is applied to the system. If an excessive torque is inadvertently applied to

the system, the two faces of the device will rotate relative to one another to
absorb the high torsional forces, thus preventing rotation of the internal
fixture situated in the bone. An initial release threshold is preset when the
device is manufactured, although alterations can be made by the
manufacturer. An individual with a lower body mass (weighing less than
60 kg) may require a lower release threshold than a heavier individual.
Amputees who are in the early stages of walking with a full-length
prosthesis also may require a lower release threshold, because the bonefixture interface will not have become fully osseointegrated and reached
full strength. The maximum effective release threshold in torsion should
not exceed 18 Nm.

Figure 6

Photographs show the features of the Axor fail-safe
connection device. A, The device is attached by hand
tightening the outer collar to ensure that the inner jaws securely
engage with the faces of the abutment. B, The Axor device is
designed to open up in the event of a fall to minimize the
potential for deformation of the abutment and retaining screw.

If an amputee falls onto the prosthetic knee, the Axor device will open
up, facilitating a flexion angle greater than that offered by the prosthetic
knee joint (Figure 6, B). This feature overrides the fulcrum effect at the
abutment–fail-safe juncture, preventing deformation of the abutment and
the retaining screw. Amputees are taught how to reset the device if either
or both of the safety features are activated.
An earlier fail-safe design that is no longer available but continues to
be used by some amputees is the Rotasafe device (Integrum AB). This
device connects to the abutment by tightening two jaws against the faces
of the abutment with an Allen wrench (Figure 7). This device offers
protection when an excessive torque is applied to the system. It does not

offer additional protection in flexion/bending.
The specific prosthetic component prescription will be dictated to
some extent by the resources available in the amputee’s local healthcare
system or covered by his or her health insurance plan. For example,
higher-cost microprocessor knees may not be available in some cases
because of insurance plan limitations, and choice may be restricted to
mechanical knee joints.
Optimal results can still be achieved after osseointegration if some
basic principles are applied. Yielding hydraulic knee joints that offer a
consistent level of safety are the preferred option after transfemoral
osseointegration. In the event of a stumble, hydraulic knee joints offer a
recovery window so the amputee can regain his or her balance. Friction or
weight-activated safety knees are not recommended because the jarring
effect of the knee when locking up can cause considerable discomfort and
trauma at the abutment and intraosseous interface. It should be noted that,
after osseointegration, amputees exert an increased level of premature
wear on the mechanical prosthetic components compared with that
observed when wearing socket-type prostheses. After osseointegration,
amputees can identify very small movements transmitted through the
abutment as mechanical components start to wear. For example, as kneejoint bearings start to wear, lateral movement may be detected by the user.
Movement within the prosthetic system from mechanical wear must be
addressed because it will be transmitted to the abutment/retaining screw
and the internal hexagonal interface between the abutment and the internal
fixture, precipitating premature wear.

Figure 7

Photograph shows the attachment of the Rotasafe
device to the abutment using an Allen wrench.

Examples of hydraulic knee joints used in the United Kingdom include
the C-Leg (Ottobock) and the weight-activated 3R80 rotary hydraulic joint
(Ottobock). Another consideration related to knee-joint prescription is the
maximum flexion angle of the knee, which may be particularly relevant to
an individual’s occupation or hobby. As discussed previously, the clinician
should consider the potential effect of insufficient flexion during a fall,
causing the connection between the abutment and the fail-safe mechanism
to act as a fulcrum and leading to abutment deformation.
Space permitting, the prosthetic system should always incorporate a
torsion adapter to absorb rotational forces during gait. This adapter is
usually situated above the foot, although it may sit above the knee joint in
some cases. The primary purpose of the torsion adapter is to minimize the
rotational forces acting around the abutment and intraosseous structure.
Amputees soon become used to walking with a torsion adapter in situ, and
they report a negative effect if it must be temporarily removed.
Shock absorbers should be used with caution for transfemoral
osseointegration prostheses because experience has demonstrated that
compression of the shock absorber can override the stance component of
weight-activated knee mechanisms, thereby mitigating the safety features
of the knee.
Following osseointegration, most amputees in the United Kingdom use
a simple solid ankle cushion heel (SACH) foot, usually the 1D10
(Ottobock). Recently, trials have been undertaken using prosthetic feet
with hydraulic ankle mechanisms. The clinician should be aware that the
ground reaction forces generated during the stance phase on the prosthetic
side will be transmitted to the abutment and intraosseous fixture. After
osseointegration, the amputee does not have a socket through which forces
can be transmitted and absorbed across the surface area of the soft tissue of
the residual limb. The SACH 1D10 was initially the foot of choice for
amputees beginning gait training on a full-length prosthesis. It was
selected because of the soft rollover and shock absorption characteristics
offered by the foot by virtue of material deformation and compression. The
SACH foot is preferred by some amputees over energy-storing carbon
fiber feet because of the softer design. Some amputees have reported
discomfort in the residual femur while using a full-length carbon fiber
forefoot. Some amputees also have reported an exacerbation of phantom
limb pain while walking during a trial period using stiffer energy-storing
feet. Although the energy-storing foot is not contraindicated for

osseointegration, great care must be taken during foot selection regarding
stiffness and the effect that altered ground reaction forces are likely to
have on the intraosseous fixture and the level of stability and comfort.

Early Gait Training
During the initial fitting and gait training with a full-length prosthesis, the
amputee should be supported by parallel bars (Figure 8). A coordinated
approach during rehabilitation between the prosthetist and physical
therapist is essential to achieve the optimal functional outcome for the
amputee.
The amputee should be introduced to the fail-safe device and instructed
in correctly attaching the device onto the abutment. The Axor fail-safe
device will feel heavier than the connector used with the STP. Amputees
should practice attaching and removing the fail-safe device to and from the
abutment.
Regarding the exit angle of the abutment in the coronal and sagittal
planes and with the hip in a neutral position, some adduction may be
present, particularly in female patients. Adduction should be
accommodated within the alignment of the prostheses above the knee. Any
deviation of the abutment from neutral in the anterior-posterior plane
should be considered.
The axis of the prosthetic knee center generally should sit
approximately 20 mm proximal to the knee center of the unaffected side.
Some deviation is permitted, however, depending on factors such as the
knee unit selected, the space available, and the height of the amputee.
Positioning the knee center closer to the end of the residual limb creates a
mechanical advantage, even if it results in asymmetry between knee joint
centers.
The mechanical advantage of raising the prosthetic knee center higher
than that of the unaffected side can be used to good effect with amputees
who are undergoing the half-speed loading program. Less effort is required
to initiate knee flexion with a more proximal knee center, and this can
translate into less discomfort for those with short residual limbs,
compromised bone quality, or a thin cortex. This action will affect the step
length on the prosthetic side, but the benefits associated with improved
ease of gait and less discomfort can be an acceptable trade-off. The
position of the prosthetic knee center can be reevaluated later in the

program, after osseointegration has become more established.

Figure 8

Photograph shows gait training after second-stage
osseointegration surgery. The gait training is supervised and
begins between parallel bars before progression to crutches.

The amputee should initially practice standing with the prosthesis
while being supported by parallel bars. Overall alignment and posture
should be observed to ensure that the adduction angle of the abutment
(Figure 9) is accommodated within the fail-safe device above the knee.24
The shin tube should be perpendicular, as observed from the front and
from the side. Ideally, the prosthetic foot should be plantigrade, with
ground contact across the surface of the shoe. The knee joint should feel
stable. The use of linear shift components is not recommended,
particularly in the mediolateral plane, because the cantilever effect will
exert unwanted additional turning moments around the abutment and
intraosseous structure while standing and during gait.

Figure 9

Photograph displays the adduction angle of the
abutment. The Axor device also has been adducted to
accommodate this angle during gait.

In some cases, during the early stage of gait training with crutches, an
interim lightweight knee and possibly a nonhydraulic knee may be used.
For a small number of amputees, particularly those on the half-speed
OPRA program, a hydraulic knee may offer too much resistance during
gait. Also, provision of a microprocessor knee such as the C-Leg may need
to be postponed in the early stages because the forces required to override
the safety mode and initiate the swing phase may be greater than the
amputee is able to safely and comfortably tolerate.
The amputee then begins walking with the aid of two crutches.
Initially, reduced weight of no greater than 20 kg should be taken through

the prosthesis. The amputee should be instructed to walk over a force plate
so that he or she can objectively appreciate the feeling of a 20 kg load
through the prosthesis. At this stage, the prosthesis should be worn for a
maximum of 1 hour per day while the amputee walks with the aid of two
crutches. Any exercises using the STP are curtailed at this stage because
the intraosseous implant is subjected to increased additional forces over
and above those generated by use of the STP. Amputees continue to keep a
pain diary and must report scores exceeding 4 on a numeric pain intensity
scale.
Throughout osseointegration, the amputee controls the process. If an
excess load is applied too early, pain or discomfort will follow. The bone
surrounding the internal fixture will gradually re-form and strengthen in
response to the controlled increase in magnitude and direction of forces
applied through the intraosseous structure. As loading thresholds are
increased, it is normal for amputees to report a feeling of temporary
discomfort. It is not unusual for this natural response to continue well into
the established phase of osseointegration.
Walking with the aid of two crutches is encouraged for a minimum of
3 months. Throughout this period, regular follow-ups are required and the
amputee is encouraged to gradually increase his or her daily wearing time
and activities. As the intraosseous structure strengthens, the range of
permissible activities, such as walking outside and negotiating slopes and
steps, can be increased.
It is very difficult at this point in the osseointegration rehabilitation
program to allocate firm times and landmarks for increasing activity. The
work done and care taken during this early phase of walking with the
osseointegrated prosthesis should be regarded as an investment in the
future. The first priority is to avoid premature overload and aseptic
loosening of the intraosseous structure. Osseointegration will progress at
different rates depending on the individual, and those undergoing the halfspeed program will need more patience. It is not unusual to have to take a
step back and reduce permissible loads and wearing time if the amputee
feels an unacceptable level of discomfort. Any temptation to push through
a period of discomfort is likely to result in failure.
Three months after the beginning of gait training with a full-length
prosthesis, an evaluation is performed with a view to discarding crutches
in exchange for canes. This step can be considered only if the amputee is
able to wear the prosthesis daily for most of the day and apply full weight

through the prosthesis and intraosseous structure without pain or
discomfort.

Ongoing Rehabilitation
A transfemoral amputee weighing 80 kg who has undergone the normalspeed OPRA protocol can be ready to transition from crutches 12 months
after first-stage osseointegration surgery. This timeframe is a best-case
scenario and assumes no setbacks during the rehabilitation program.
Amputees who are undergoing the half-speed OPRA program or who may
have encountered setbacks during treatment will not be able to transition
from crutches at the 12-month point. This should not be considered a
failure, because the rate of progress is individualized. The treating team
should take care to not set firm landmarks in progression times, because
setbacks will lead to disappointment. Amputees often are enthusiastic to
prematurely accelerate the program, and the team will again need to
reinforce the importance of working and progressing within the OPRA
protocol and timeframes.
When crutches are no longer needed, a transition should be made to
using two canes. Some amputees are able to progress to one cane almost
immediately, but this decision should be evaluated by the treatment team.
A further concentrated period of gait training and prosthetic input is
required at this stage. Goals will have been set at the pre-osseointegration
assessment stage for an individual’s expected attainable gait pattern. It is
acceptable for some amputees to continue walking with the aid of one cane
over the long term. This particularly applies to those with very short
residual limbs and the consequent reduction of the adductor muscle mass.
Light pressure through one cane in the contralateral hand will facilitate a
very acceptable gait pattern with minimal lateral bending of the trunk as
opposed to an ungainly gait pattern while walking without aids.

Figure 10

Photograph depicts a nonperpendicular exit angle
of the abutment in the sagittal plane, which can cause instability
at midstance but can be eliminated with fine tuning.

Throughout the rehabilitation program, amputees are taught and
encouraged to continue with regular exercises to improve and maintain
core stability. At this point, amputees will begin to reap the benefit of
these strengthening exercises. After being able to apply full loading
through the intraosseous structure without pain or discomfort, when
appropriate, the amputee can begin training without walking aids. It is
usual for these amputees to demonstrate marked lateral flexion of the trunk
toward the prosthetic side during the stance phase at this stage, caused in
part by a feeling of discomfort and a lack of confidence. It is a
considerable leap to progress to walking without aids while putting the full
body weight through the abutment and intraosseous fixture.
Prosthetic alignment during this period of change should be regularly
evaluated. At this stage, amputees commonly report a double action (brief

period of instability and movement) of the knee joint immediately
following full extension at midstance during the gait cycle. This usually
becomes evident as amputees approach full weight bearing through the
intraosseous structure during gait or when the use of canes is discontinued.
The double action affecting the prosthetic knee can usually be observed,
and consideration should be given to the sagittal alignment of the abutment
at the moment of midstance. It is unlikely that the abutment will be
perpendicular at this point, and slight flexion or extension of the abutment
will introduce this double action (Figure 10). Unlike with a socket
prosthesis, linear shift is not available to alter knee stability. Fine tuning of
the angular alignment will invariably eliminate the double action as the
individual walks; however, gait should be observed with input from a
physical therapist to ensure that the amputee is maximizing the range of
his or her hip movement during the stance phase.25 A lazy gait also can
generate a double action at midstance.

Figure 11

Photographs show signs of wear and deformation
in the abutment and retaining screw. A, Spiral fracture of the
abutment. B, Mechanical deformation of an abutment, which
occurred after a fall. Replacement of the abutment was
required.

Established amputees treated with osseointegration become very
sensitive to alignment alterations. For these patients, the phenomenon
described as osseoperception26 provides them with a heightened sensory
awareness of the environment, which is transmitted through the prosthesis
and intraosseous structure. For example, changes in terrain, such as
walking on different types of floor coverings, can be identified. This
sensitivity and awareness allows excellent patient feedback during the
alignment process.

At this stage, amputees treated with osseointegration can benefit from
physical therapy input and exercises to help them optimize their gait
pattern and reach their full potential.27 It is important to note that the
osseointegration gait pattern might improve over a period of years as
opposed to months. It is useful to keep a video record to remind
individuals of their change and progress over time. As discussed
previously, amputees will report some discomfort in the residual femur in
response to an increase in activity or applied loads. For example, a sudden
increase in activity may elicit a pain response the following day. This
response is normal as activity levels are increased and intraosseous loading
thresholds are raised.

Long-Term Maintenance and Management of
Complications
Amputees who have undergone osseointegration require ongoing annual
(preferably, semiannual) follow-ups with the treatment team. Each followup provides an opportunity to review and record progress in several areas.
The follow-up may include radiography to evaluate the status of the bone
surrounding the implant and identify any early signs of deep infection,28
which can be asymptomatic in the early stages.
The following evaluations and adjustments should be performed at the
follow-up appointments. (1) The abutment retaining screw should be
checked to ensure that no loosening has occurred. The abutment retaining
screw should be torqued to a setting of 12 Nm using a calibrated torque
wrench. An anticlockwise counter torque is applied across the faces of the
abutment using a 14-mm spanner. (2) Signs or reports by the amputee of a
black discharge from the penetration site should be noted. Such signs
indicate movement or wear between the abutment and the internal titanium
fixture, and a loose abutment may cause a black titanium discharge. If
evidence of a discharge persists despite regular tightening to the
recommended torque setting, it is likely that the abutment will require
replacement because of wear and deformation. (3) The abutment and
retaining screw also must be inspected for signs of wear and the formation
of cracks (Figure 11, A). If the patient has reported a fall, particular
attention should be paid to any deformation of the abutment (Figure 11,
B). Slight deformation may not always be obvious to the naked eye. A
very slight bend as the abutment exits the bone may be visible only on

radiographs. Replacement of the abutment after mechanical deformation or
general wear should be performed as soon as possible to avoid catastrophic
fracture. The amputee must not use the prosthesis until the abutment and
retaining bolt have been replaced under sterile conditions by the treating
surgeon. During this process, the female tapered hexagonal receptacle
inside the titanium fixture is measured along its length in two planes to
ensure that the correct abutment size is introduced. Oversized abutments
are available and fitted in response to wear over time. It is essential that
the correct abutment size is fitted and that a press fit between the abutment
and internal fixture fit is achieved. (4) Next, all of the prosthetic
components should be checked for signs of wear, with particular attention
paid to the knee joint. Lateral movement of the knee joint has been noted
as bearings wear out. This movement is transmitted proximally and
subjects the abutment and intraosseous implant to unnecessary and
avoidable stress, leading to premature wear. Amputees have confused
movement in the prosthetic components with looseness between the faces
of the abutment and the fail-safe component, resulting in unnecessary
overtightening of the fail-safe device to the abutment. (6) The prosthetist
and the physical therapist together should observe the amputee’s gait
pattern. This combined approach ensures that an optimal gait has been
achieved based on the amputee’s physical capability. Alignment is
reviewed to optimize stability and symmetry.

Outcomes
A 2009 study reported on the results of 100 patients who underwent
osseointegration with a transfemoral prosthesis between May1990 and
June 2008.22 The cohort included a total of 106 implants, with 6 patients
who had bilateral amputation. At a mean follow-up time of 5 years (range,
3 months to 17.5 years) after second-stage surgery, 68 patients with 74
implants continued to use their osseointegrated prostheses. Of the 32
patients not using their osseointegrated prostheses, 11 patients had the
implant removed, 4 kept the prosthesis but did not use it, 4 had died, 7
were awaiting second-stage surgery, and 6 patients were in the very early
stages of rehabilitation. A total of 20 patients had the implant removed, but
13 of those patients were re-treated, and 9 achieved successful use of the
osseointegrated prosthesis. It is of note that a higher proportion of the
reported failures in this cohort of patients occurred prior to the

development of the standardized OPRA protocol.
Further results have provided evidence to support the efficacy of
osseointegration in improving the quality of life and level of function of
amputees who are appropriate candidates for the procedure.29 After
osseointegration, some amputees have achieved full-time unaided
prosthetic mobility, including the ability to walk unlimited distances and
engage in a range of previously inaccessible social and recreational
activities (Figure 12). For other amputees, the ability to walk with the aid
of one crutch or a cane may be a very satisfactory outcome of
osseointegration.

Summary
The first transfemoral osseointegration procedure was performed by
Brånemark in 1990 in Gothenburg, Sweden. Since then, considerable
research and development has been conducted to improve the surgical
technique, implant design, and rehabilitation protocols. Teams offering
osseointegration and the required rehabilitation program have since been
set up in several European countries as well as in Australia and Chile. The
skeletal anchorage of external prostheses continues to generate interest
among rehabilitation professionals and amputees. Skeletal attachment
techniques, including osseointegration, are beginning to be considered not
just as experimental techniques but as a realistic treatment option for
amputees who are unable to fulfil their potential using conventional socket
prostheses.
Osseointegration is not appropriate for all amputees because of some
medical, physical, and psychological contraindications. Osseointegration
currently is not considered for amputees with a good prosthetic wearing
tolerance who can mobilize and function at a high level using conventional
socket prostheses; however, excellent results have been achieved by some
amputees who have been unable to mobilize using socket prostheses. This
includes amputees who did not use traditional prostheses.

Figure 12

Photograph of a woman with a lower limb
amputation participating in rock climbing. Osseointegration
allows some amputees to participate in previously inaccessible
recreational activities.

It is essential that the pre-osseointegration assessment provide an
objective and critical evaluation of an amputee’s circumstances and
potential. A high-performing amputee using conventional socket
techniques may have only limited gains in function after osseointegration.
Furthermore, removal of the internal fixture because of failure that is
mechanical or a result of infection carries risks. Thus, the assessment is
performed against a backdrop of risk versus potential benefits in terms of
function, mobility, and quality of life.
Skeletal anchorage techniques, including osseointegration, offer a
stable and secure platform for new and emerging prosthetic technology.
Such techniques will enable amputees to derive the maximum benefit from
a prosthesis, giving them potential access to high-specification prosthetic
components such as microprocessor knees, powered elbows, and
multiarticulating hands. Many more individuals with upper or lower limb
amputations will likely benefit from skeletal anchorage systems such as
osseointegration in the future. The key factors required to facilitate a
successful outcome after osseointegration are the appropriate selection of

candidates and a strong, committed, and cohesive rehabilitation team.
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Chapter 51

Physical Therapy
Management of Adults With
Lower Limb Amputations
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Abstract
The physical therapy management of an individual with lower limb
amputation is a critical component of the continuum of care. The physical
therapist is often introduced to a patient preoperatively in preparation for
amputation surgery and is one of the first members of the rehabilitation team
to begin treatment postoperatively. From the preprosthetic phase through
prosthetic gait training and community reentry, physical therapy
interventions can have a profound effect on the outcomes of individuals with
limb loss.
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Introduction
As members of the rehabilitation team, the prosthetist and the physical
therapist often develop a close relationship when working together with

individuals with lower limb amputations. The prosthetist is responsible for
fabricating a prosthesis that will best suit the lifestyle of the individual
patient. The physical therapist has a multifaceted role that includes
postoperative, mobility, and residual limb care. Before the patient can be
properly fitted with a prosthesis, the physical therapist helps the amputee
become physically prepared for prosthetic training. After the prosthesis is
received, the patient must learn how to use and care for it. Prosthetic gait
training can be the most frustrating yet rewarding phase of rehabilitation
for all involved. The patient must be reeducated in the biomechanics of
gait while learning how to use a prosthesis. After success is achieved, the
patient may look forward to resuming a productive life. The physical
therapist should introduce the patient to higher levels of activity other than
just learning to walk. The patient may not be ready to participate in
recreational activities immediately; however, providing the names of
support and recreational organizations serving the disabled population will
enable the individual to seek involvement at the appropriate time.

Preoperative Care
When preoperative care is possible, the physical therapist should begin to
establish rapport with the patient during the initial appointment. It is
important to earn the patient’s trust and confidence. After introductions,
the physical therapist should explain the expected timing of events during
the rehabilitation process. The unknown can be extremely frightening to
many patients. Fears can be addressed by explaining what the future holds
and what will be expected of the patient throughout the process. Having
another amputee visit and talk with the patient can often assist in this
process. The amputee peer visitor should be carefully screened by
appropriate personnel and should have a suitable personality for this task.
Many hospitals have affiliations with local amputee support groups with
members who are certified peer visitors (CPVs) who have received formal
training from the Amputee Coalition.1 Amputees who have successfully
completed the CPV training program have been instructed in
communication skills, have a basic knowledge of limb loss statistics, have
provided references, and have experience working with healthcare
facilities and professionals who serve amputees. When pairing a CPV with
a new amputee, consideration should be given to similarities between level
of amputation, age, sex, and outside interests.2 The Amputee Coalition, in

association with Johns Hopkins Hospital, developed a program called
Promoting Amputee Life Skills (PALS).3 This program aims to reduce
long-term secondary health effects, such as depression and pain, by
improving self-efficacy and quality of life through the implementation of
10 weeks of education specifically designed for those with limb loss.
Wegener et al4 found that the PALS program in conjunction with a peer
support group was more effective in decreasing depression; managing
pain; and improving function, self-efficacy, and quality of life than
standard support group activities. Information on various prostheses,
demonstrations of prosthetic capabilities, or videos showing recreational
activities may be useful to the patient. The therapist must consider the
amount of information the patient is psychologically prepared to absorb.
The physical therapist may advise the patient preoperatively on the
possibilities of phantom limb sensation and phantom limb pain, the
prevention of joint contracture and loss of mobility, and the benefits of
general conditioning.

Acute Postoperative Evaluation
The acute postoperative evaluation consists of several important
components. Baseline information is necessary to establish the goals of
rehabilitation and formulate an individualized treatment plan. Viewing
amputation surgery as a constructive procedure, not a destructive one, is
important for all rehabilitation team members. Because preamputation
functional capability is a strong predictor for postamputation mobility,5-12
rehabilitation goals should focus on restoring the amputee to a premorbid
lifestyle and preventing further adversity.
A complete medical history should be obtained from the patient or
from the medical records to supply information that may be pertinent to
the rehabilitation program. During the initial chart review, the physical
therapist should note any history of coronary artery disease, congestive
heart failure, peripheral vascular disease, hypertension, angina,
arrhythmias, dyspnea, angioplasty, myocardial infarction, arterial bypass
surgery, diabetes, and renal disease. Any medications that may influence
physical exertion or mental status should be recorded. In addition, the
cause of the amputation can influence the concomitant medical concerns
for the amputee. For example, patients with diabetes should monitor blood
glucose levels before, during, and after exercise to avoid hypoglycemic-

related events. Patients with traumatic amputations may present with
undetected soft-tissue injuries, nerve damage, fractures, heterotopic bone
formation, or traumatic brain injuries that will need to be addressed if
present.13

Cardiopulmonary Status
The heart rate and blood pressure of every patient should be closely
monitored during initial training and thereafter as the intensity of training
increases. If the patient experiences persistent symptoms, including
shortness of breath, pallor, diaphoresis, chest pain, headache, or peripheral
edema, further medical evaluation is strongly recommended. If the
patient’s cardiopulmonary status is a concern, relatively inexpensive and
simple tools such as the pulse-oximeter, the Dyspnea Index,2 and the Borg
Perceived Exertion Scale6 may be used to help monitor exertion or to
assist the patient by providing guidelines for effort during ambulation. The
cause of the amputation (dysvascular or traumatic), the amputation level,
and number of lower limbs lost have a substantial effect on energy
expenditure during ambulation.14 In addition, it is helpful to assess
preamputation mobility using self-reported measures to assist with
predicting postamputation success.

Mental Status
An accurate assessment of the patient’s mental status can provide insight
about the factors likely to affect future prosthetic care. The physical
therapist should assess the patient’s cognitive potential to perform
activities such as donning and doffing the prosthesis, residual limb
prosthetic sock regulation, bed positioning, skin care, and safe ambulation.
If the patient does not possess the necessary level of cognition, family
members and/or friends should be encouraged to become involved in the
rehabilitation process for a successful outcome.

Range of Motion
The range of motion (ROM) of both the upper limbs and lower limbs
should be assessed. A measurement of the ROM of the residual limb
should be recorded for future reference. Joint contractures can hinder the
patient’s ability to ambulate with a prosthesis and have been associated
with postural imbalances that can contribute to other physical ailments
such as low back pain. Every effort should be made by the physical

therapist and patient to avoid any loss of ROM. Hip flexion, external
rotation, and abduction are the most common contractures in an individual
with a transfemoral amputation. Knee flexion is the most frequently
observed contracture in a transtibial amputee. During the ROM
assessment, the therapist should determine whether the patient has a fixed
contracture or muscle tightness from immobility that may be corrected
within a short period of time with ROM therapy.

Strength
The strength of the major muscle groups is typically assessed by manual
muscle testing of all limbs, including the residual limb and the trunk, to
determine the patient’s potential skill level to perform activities such as
transfers, wheelchair mobility, and ambulation with and without a
prosthesis. Hip abductor and extensor strength strongly influence how well
a patient will ambulate with a prosthesis, regardless of the level of
amputation.15,16 A formal strengthening program for the residual and
contralateral limb will enable the patient to more effectively negotiate
stairs and different terrains and participate in sports.17-19

Sensation
An evaluation of sensation is useful to the patient and the therapist.
Insensitivity of the residual limb and/or sound limb will affect
proprioceptive feedback for balance and single-limb stance, which in turn
can lead to gait difficulties. The patient must be made aware that decreased
sensation to pain, temperature, and light touch can increase the risk for
injury to the skin and soft-tissue breakdown. Use of a monofilament is a
simple, reliable method to assess sensory impairment of the skin over the
intact foot or residual limb and determine patients at risk for potential
injury or ulceration.20

Bed Mobility
The importance of good bed mobility extends beyond simple positional
adjustments for comfort or getting in and out of bed. Skills are necessary
to maintain correct bed positioning to prevent contractures and to avoid
excessive friction of the bedsheets against the suture line or frail skin. If
the patient is unable to perform the skills necessary to maintain proper
positioning, assistance must be provided. As with most patients, adequate
bed mobility is a prerequisite skill for higher-level skills such as bed-to-

wheelchair transfers.

Balance and Coordination
Balance while sitting and standing is a major concern when assessing the
patient’s ability to maintain the center of mass over the base of support.
Coordination assists with ease of movement and the refinement of motor
skills. Introducing balance and coordination exercises early in the
rehabilitation program can help improve weight bearing and
proprioceptive control on the amputated side and promote symmetric
ambulation when undergoing gait training in the later phases of
rehabilitation.21-23 Both balance and coordination are required for weight
shifting from one limb to another, thus improving the potential for an
optimal gait. After evaluating mental status, ROM, strength, sensation,
balance, and coordination, the therapist will have a good indication of the
most appropriate initial choice of an assistive device.

Transfers
Early assessment of an amputee’s ability to accomplish transfer skills is
essential, especially when the rehabilitation team is planning discharge
from the acute care setting. Many amputees can be discharged to home if
they are able to complete transfers either independently or with limited
help. When bed mobility is mastered, the amputee must learn to transfer
from the bed to a chair or a wheelchair and then progress to more
advanced skills such as transferring to a toilet, a tub, and a car. If moderate
to maximal assistance for transfers is necessary, it is common for the
amputee to be referred to an institutional living facility that provides
skilled assistance until the amputee becomes more independent.

Potential Ambulation With Assistive Devices
A comprehensive evaluation of the patient’s potential for ambulation
includes the strength of the sound lower limb and both upper limbs, single
limb standing balance, coordination, and mental status. Performance-based
outcome measures such as the Amputee Mobility Predictor (AMP) without
a prosthesis can be used as a measure of functional capacity before a
prosthetic fitting, can help predict mobility with a prosthesis, and can
assist with prosthetic prescription and assistive device selection.24 The
selection of an assistive device should match the patient’s level of skill,
keeping in mind that the required device may change over time. For

example, a patient may initially require a walker; however, after proper
training, forearm crutches may prove more beneficial as a long-term
assistive device. Some patients who have difficulty ambulating on one
limb because of obesity, blindness, or generalized weakness can achieve
successful ambulation with the additional support provided by a prosthesis.

Setting Goals
The rehabilitation team should establish realistic goals that are consistent
with the patient’s desired outcomes for employment, social interactions,
and recreational endeavors. Regardless of the level of amputation or age,
most patients have the ability to return to the lifestyle that they enjoyed
before amputation with only minor accommodations.25-27 Discussing the
patient’s premorbid lifestyle and goals early in the rehabilitation process
can provide the rehabilitation team with valuable information that will
enable a personalized treatment plan that is appropriate and motivating.

Functional Outcome Instruments
The use of functional outcome measures throughout the rehabilitation
process is required for senior citizens in the United States by the Centers
for Medicare and Medicaid Services for physical therapy documentation.28
The clinical value of outcome measures can vary; however, most
instruments have the ability to provide information with respect to one or
more of the following aspects of function: (1) determine current
capabilities, (2) determine the functional level of a patient as described by
a predefined scale, (3) predict the functional capabilities or mobility of a
patient, (4) determine the contribution of specific variables to a measure of
function, (5) assist with treatment prescription, (6) detect change over
time, and (7) document services.29
Performance-based functional outcome measures are instruments that
quantify or categorize the capabilities of an individual as defined by a
predetermined value, scale, or description. Typically after assessment, the
performance time or score is recorded to compare a patient’s results
against the values of a similar known group or for future comparison to the
patient’s change in performance. Clinically, the most common use of
functional outcome measures is to assess and document baseline function,
quantify the functional change over time, and, in some instances, predict
functional capabilities. However, the usefulness of performance-based

outcome measures is far greater than a single score or comparison and
should extend to treatment prescription. After a patient completes a
performance-based outcome measure, the physical therapist should
identify the test items that were less than satisfactory, identify the physical
limitation(s) at fault, and prescribe the appropriate exercise to address the
limitation. After a period of time, the patient should be reassessed to
determine the change over time to determine if further treatment is
required.
For example, the Amputee Mobility Predictor (AMP) is a
performance-based outcome measure for patients with lower limb loss to
determine functional capabilities and mobility without a prosthesis
(AMPnoPro) or with a prosthesis (AMPPro).24 The AMP has 21 items that
progress in difficulty, starting with sitting balance, transfers from chair to
chair, standing, single limb balance, and a reach test. The AMP progresses
to more dynamic test items that assess elements of locomotion, such as
step length, step continuity, the ability to vary cadence, and stair ascent
and descent. The AMP was designed to assess the components of body
function, including strength, endurance, coordination, balance, postural
control, power, speed, agility, and the gait of individuals with lower limb
amputation.
Each AMP test item can be reduced to component parts where physical
limitations that hinder successful task completion can be identified. This
allows subsequent prescription of an exercise or treatment plan to improve
the patient’s physical capabilities. For example, the task of rising from a
chair requires organization skills, postural control, momentum strategies,
and dynamic postural stability after standing is accomplished. Each
component of the task requires a movement strategy that can be improved
with a specific exercise(s). This leads to improved performance of the sitto-stand task and a higher score on the AMP test. More importantly, the
specific exercises enhance overall function. This practice of targeted
exercises can be applied to every item on the AMP test and is referred to
as evidence-based amputee rehabilitation.
Although the scope of this chapter prohibits a detailed description of
the physical limitations and subsequent exercise(s) for each AMP test
item, the following rehabilitation program describes the preferred
progression of care for most patients after amputation. The preprosthetic,
pregait training, and gait training exercises described in this chapter are the
most common exercises used with evidence-based amputee rehabilitation.

Although numerous self-reported and performance-based functional
outcome measures are used in accordance with each patient’s past medical
history, level of amputation, and functional capabilities and goals, the most
commonly used outcome measures with evidence-based amputee
rehabilitation include the (AMP),24,30,31 the 6-minute timed walk
test,24,30,32 the Timed Up and Go test,30,33,34 and the Comprehensive
High-level Activity Mobility Predictor.29,35

Immediate Postoperative Treatment
General Management Principles
Generally, the goals of postoperative management for the new amputee are
to reduce edema, promote healing, prevent loss of motion, increase
cardiovascular endurance, and improve strength. Functional skills must be
introduced as early as possible to promote independence in bed mobility,
transfers, and ambulation techniques. Patient education concerning the
self-care of the residual limb and sound limb can prevent adverse effects
such as skin abrasions, excessive edema, delayed healing, loss of ROM,
and trauma to the sound limb from overuse. In addition, each member of
the rehabilitation team should be aware of the need to assist the patient
with the psychological adjustment to limb loss.

Postoperative Dressing
The selection of the postoperative dressing varies according to the level of
amputation, surgical technique, healing requirements, patient compliance,
and preference of the physician. The five major types are soft dressings,
nonremovable rigid dressings, immediate postoperative prostheses
(IPOPs), removable rigid dressings, and prefabricated postoperative
devices. Soft dressings are most often used for patients with vascular
dysfunction because regular dressing changes may be needed and
alternative wound environments may be used. The disadvantage of soft
dressings is that patients frequently decrease their bed mobility because
they are more hesitant to move the operated limb.9 Rigid dressings, in
addition to controlling edema and providing protection and support, assist
in preventing knee flexion contractures in patients with transtibial
amputations and provide greater confidence with bed mobility.
The IPOP offers the benefits of rigid dressings and allow ambulation
with weight bearing and an assistive device. The IPOP also affords the

patient the physiologic and psychological advantage of early walking with
a prosthetic limb. To date, IPOPs have not been associated with an
increased number of falls or injury to the healing residual limb. In
amputees with a neuropathic sound limb, providing additional support to
the residual limb can potentially reduce foot pressures, improve balance,
and reduce the effort of ambulation with an assistive device.
Removable rigid dressings originally were fabricated from plaster and
suspended with a variety of supracondylar cuff systems. Currently, it is
more common for surgeons to use a commercially available prefabricated
copolymer plastic shell with a soft lining and, in some instances, the ability
to attach a pylon and foot to create an IPOP. A removable rigid dressing
provides the protection and other benefits of a classic rigid dressing, with
the flexibility of removal for wound inspection or bathing. In addition,
socks may be added or the system can be tightened to adapt to progressive
shrinkage of the residual limb. These techniques have been shown to
shorten the time to ambulatory discharge from hospital for patients with a
temporary prosthesis.

Figure 1

Illustrations showing proper positioning of the
residual limb. A, Neutral hip rotation with no abduction. B, Hip
and knee extension when prone. C, Knee extension when in
bed. D, Knee extension when sitting. (Copyright Advanced
Rehabilitation Therapy, Inc, Miami, FL, 1990. Illustrator, Frank
Angulo.)

Positioning
When supine, the patient with a transfemoral amputation should place a
pillow laterally along the residual limb to maintain neutral rotation with no
abduction. If the prone position is tolerable, a pillow should be placed
under the residual limb to maintain hip extension. Patients with a
transtibial amputation should avoid knee flexion for prolonged periods. A
leg rest to elevate the residual limb or residual limb support will help
maintain knee extension when using a wheelchair (Figure 1). All
amputees must be made aware that continual sitting in a wheelchair
without any effort to promote hip extension may lead to limited motion
during prosthetic ambulation.

Transfers
After bed mobility is mastered, the patient must first learn to transfer from
the bed to a chair or a wheelchair and then progress to more advanced
transfer skills. In patients who use an IPOP or temporary prosthesis,
weight bearing through the prosthesis can assist the patient in transferring
and provide additional safety. For patients with a transtibial amputation
who are not candidates for ambulation, a lightweight transfer prosthesis
may allow more independent transfers. A transfer prosthesis is typically fit
when the residual limb is healed and the patient is ready for training.
Bilateral amputees who are not fitted with an initial prosthesis will transfer
in a “head on” manner in which the patient slides forward from the
wheelchair onto the desired surface by lifting the body and pushing
forward with both hands.

Wheelchair Propulsion
A wheelchair will be the primary means of mobility for most dysvascular
amputees, either temporarily or permanently. The combination of
wheelchair and prosthesis use can enhance overall mobility.36 The amount
of energy conserved with wheelchair use compared with prosthetic
ambulation is considerable with some levels of amputation.37 Therefore,
amputees should be taught wheelchair skills as a part of their rehabilitation
program. Bilateral amputees and older amputees with more severe medical
conditions may require greater use of a wheelchair, whereas unilateral and
younger amputees with fewer comorbidities will be more likely to use
other assistive devices when not ambulating with a prosthesis.38 Because
of the loss of body weight anteriorly, patients are prone to tipping

backward while in a standard wheelchair. Adapters can set the wheels back
approximately two inches (5 cm), thus moving the center of mass away
from the axis of rotation to prevent tipping. This is especially helpful when
ascending ramps or curbs. An alternative method is the addition of
antitipping devices in place of or in addition to wheel adapters.
Patients who will be long-term wheelchair users for mobility within the
community should be fit with a fully adjustable ultralight manual
wheelchair. For example, while moving the rear wheels backward would
increase chair stability, it would compromise overall maneuverability and
place the amputee at increased risk for repetitive strain injuries to the
upper limbs during active self-propulsion.39 Adjustable axle plates can
allow the wheels to be set back early in the rehabilitation process for
stability and moved forward to afford the amputee accessibility to the
push-rims in a biomechanically safe and efficient position as he or she
becomes more skilled. Adjustable backrests set at less than 90° can assist
the amputee in keeping the center of mass in a forward position when the
prosthesis is not worn and can recline to greater than 90° to accommodate
prosthesis wear. Transtibial amputees also require an elevating leg rest or
residual limb support designed to maintain the knee in extension, thus
preventing prolonged knee flexion and reducing the dependent position of
the limb to control edema. It is also recommended that the wheelchair be
fitted with removable armrests to enable ease of transfer to or from either
side of the chair.

Ambulation With Assistive Devices
All amputees will need an assistive device for times when they choose not
to wear their prosthesis, or on occasions when they are unable to wear their
prosthesis secondary to edema, skin irritation, or a poor fit. Some
amputees require an assistive device while ambulating with the prosthesis.
Although safety is the primary factor when selecting the appropriate
assistive device, mobility is also an important secondary consideration.
The criteria for selection should include the following factors: (1) the
ability for unsupported standing balance, (2) the amount of upper limb
strength, (3) coordination and skill with the assistive device, and (4)
cognition. A walker is chosen when an amputee has fair to poor balance,
strength, and coordination. If balance and strength are good to normal,
forearm crutches may be used for ambulation with or without a prosthesis.
A quad cane or straight cane may be selected to ensure safety when

balance is questionable while ambulating with a prosthesis.

Patient Education
Skin Care
Patients must be instructed about caring for the residual and sound limbs.
The care of skin and scar tissue is extremely important to prevent skin
breakdown during prosthetic gait training because skin breakdown will
delay rehabilitation and lead to further deconditioning. Appropriate skin
care is especially important for patients with diabetes mellitus and/or
vascular dysfunction because these patients often require additional
healing time. Patients must also be taught the difference between weightbearing and pressure sensitive areas in relation to the design and fit of the
prosthetic socket. They should be instructed to visually inspect their
residual limb on a daily basis or after any strenuous activity for evidence
of any abnormal pressures from the socket, such as areas of persistent
redness. If a skin abrasion or ulcer develops, the amputee must understand
that, in most cases, the prosthesis should not be worn until healing occurs.
In some instances, a protective barrier may be used to avert further insult
to the integrity of the tissue while permitting continued use of the
prosthesis. Without exception, any lesion to the skin should be reported
and followed clinically to avoid further complications.
Regular inspection of the sound limb after amputation is important
because the foot is subject to addition axial and shear force to compensate
for prosthetic weight bearing. A hand mirror may be used to view the
posterior residual limb and plantar aspect of the foot. Areas of redness
should be monitored closely as potential sites for abrasion or ulcer.
Amputees with visual impairment should seek the assistance of a family
member for daily inspection.

Desensitization
Many amputees experience postoperative skin hypersensitivity as a result
of the disruption of the neuromuscular system and associated edema.
Progressive desensitization of the residual limb is often necessary for
restoring normal sensation, while using wound compression techniques to
reduce the edema. Desensitization involves gradually introducing stimuli
to reduce the hyperirritability of the limb. For example, a soft material
such as cotton cloth or lamb’s wool is rubbed around the residual limb,

followed by gradually coarser materials such as corduroy. The amputee
should progress as quickly as possible to tapping massage with the hand.
Eventually, when the suture line has healed, pressure can be applied to the
residual limb during transfers, mobility skills, and exercise. These
measures will help expedite the ability of the residual limb to wear the
prosthesis.

Care of the Prosthesis
The socket should be cleaned daily to promote good hygiene and prevent
deterioration of prosthetic materials. The patient should be informed of the
best cleansing agent for his or her socket and liner. In general, laminate
plastic, copolymer plastic, and silicone materials are cleaned with a damp
cloth and mild soap. Foam materials are cleaned with rubbing alcohol.
Because some liner materials interact adversely with alcohol,
manufacturers’ recommendations should be followed. After using the
cleansing agent, a clean, damp cloth should be used wipe away any
residue. To ensure maximum life and safety of the prosthesis, patients
should be reminded that routine maintenance of the prosthesis should be
performed by a prosthetist.

Sock Regulation
Prosthetic sock regulation is important to prevent both extreme loading on
the distal aspect of the limb and excessive vertical motion or pistoning
between the residual limb and the socket. The amputee should always
carry extra socks to be added if pistoning or extreme perspiration occurs.
Prosthetic socks are available in several thicknesses or plies, permitting the
amputee to obtain the desired fit within the socket. The regular interactions
between the physical therapist and the newer amputee provide numerous
opportunities to reinforce the importance and technique of using prosthetic
socks to manage changing limb volume. Socks should be applied free of
wrinkles with the seam horizontal and on the outside to prevent irritation
or abrasion to the skin. Because most prosthetic socks are now seamless,
this problem has been greatly reduced.

Donning and Doffing of the Prosthesis
A wide variety of suspension systems are available for all levels of
amputation. The methods of donning a prosthesis are too numerous to
describe in this chapter; however, it is important that the prosthetist

instruct both the amputee and the physical therapist in the proper method
of donning and doffing the particular prosthesis. The physical therapist can
help patients develop and practice individualized donning strategies during
the early phases of prosthetic rehabilitation.

Residual Limb Compression Dressing
Early rigid or semirigid dressings, compression wrapping, or shrinker
socks for the residual limb can decrease edema, increase circulation, assist
in shaping, provide skin protection, reduce redundant tissue problems,
reduce phantom limb pain and/or sensation, and desensitize the residual
limb. The use of traditional compression wrapping versus the use of
residual limb shrinker socks is controversial. Some institutions prefer
commercial shrinker socks because they are easy to don. Advocates of
compression wrapping suggest that they may provide more control over
pressure gradients and tissue shaping.40
Many rehabilitation teams prefer to wait until after the sutures or
staples have been removed before using a shrinker sock. For amputees
with diabetes mellitus, this period is often as long as 21 days. However,
compression therapy can begin with wraps or rigid dressings and progress
to shrinker socks after the suture line has healed. Compression therapy is a
controversial topic and each rehabilitation team should determine the best
course of treatment of their patients. All compression techniques must be
performed correctly and consistently to prevent constriction, decreased
circulation, poor shaping, and edema. Patient compliance also is an
intricate part of the compression program. All wrappings or shrinker socks
should be routinely checked and/or reapplied several times per day. The
application of a nylon sheath over the residual limb before wrapping or
donning the shrinker sock may reduce shearing forces to skin and thus
provide additional comfort and safety.

Issues Pertaining to the Sound Limb
The loss of a limb and its substitution by a prosthesis can clearly affect gait
biomechanics in most amputees. Therefore, when planning treatment of
these patients, management of the sound limb is critical. Preservation of
the sound limb may permit continued bipedal ambulation and delay
medical complications that can reduce quality of life. One reason for this
concern is that the sound limb routinely compensates for the amputee’s
inability to maintain equal weight distribution between limbs, resulting in

altered gait mechanics. Two known effects on the sound limb are the
altered forces being placed on the weight-bearing surfaces of the foot and
the increase in ground reaction forces throughout the skeletal structures of
the limb.41-43
Amputees with diabetes mellitus may have deviations from normal gait
kinematics that increase vertical and shear forces in addition to preexisting
abnormal sensation, devascularization, scar tissue, and any foot and/or
ankle deformity. Patients with diabetes mellitus have a 50% increased
incidence of amputation in the same or the contralateral limb within 4
years after the primary amputation.20 Accordingly, expert care of the
intact foot becomes even more critical after amputation for these patients
because their chances of achieving functional ambulation will decline if
they become bilateral amputees.44
Amputations performed because of trauma, congenital causes, or tumor
result in a progressively increased risk of musculoskeletal imbalances or
pathologies that often lead to secondary physical conditions that affect the
patient’s mobility and quality of life. Because amputees tend to favor their
sound lower limb, it is often stressed in performing daily activities. It has
been found that osteoarthritis is more prevalent in the contralateral limb
than the residual limb of those with lower limb amputation.45,46 The
prevalence of osteoarthritis has become an increasing concern, especially
in individuals who have lived with an amputation for long periods of
time.47 Over time, the altered forces placed on the skeletal and soft tissues
of the intact limb can lead to degenerative conditions.23 Proper prosthetic
fit and physical therapy training increases the probability of having equal
force distribution across the intact and prosthetic limbs during ambulation
and may decrease the risk for the development of osteoarthritis.48 The
patient should be advised about risks to the sound limb early in the
rehabilitation process.

Strategies for Enhancing Education
Educating the amputee about self-care and a home exercise program are
critical to the ultimate outcome of the rehabilitation process. The most
difficult task is ensuring the patient retains the information and complies
with instructions. A self-care checklist that the patient can take home may
assist in achieving a positive outcome and provides the clinician with a
format for ensuring that important points of care are explained.

Preprosthetic Exercises
General Conditioning
Decreased general conditioning and endurance often contribute to the
difficulties in learning functional activities, including prosthetic gait.
Regardless of age or current physical condition, patients should begin a
progressive general exercise program immediately after surgery, through
the preprosthetic period, and eventually as part of a daily routine.
There are many possible general strengthening and endurance
exercises and activities. Examples include using cuff weights in bed,
wheelchair propulsion for a predetermined distance, dynamic exercises for
the residual limb, ambulation with an assistive device before the prosthesis
is fit, lower and/or upper limb ergometry, wheelchair aerobics, swimming,
aquatic therapy, lower and upper body strengthening at the local fitness
center, and any sport or recreational activity of interest. One or more of
these activities should be selected and performed to tolerance initially,
progressing to 1 hour or more each day. The advantages of activity extend
beyond improving the chances of good ambulation with a prosthesis.
Amputees have the opportunity to experience and enjoy activities they
may have not thought possible. While still in the hospital or rehabilitation
center, an amputee may have access to a physical therapist or fellow
amputee who has mastered a particular activity and is available to provide
instruction.

Cardiopulmonary Endurance
Because the average physical and cardiac condition of amputees with
dysvascular disease is poor, cardiopulmonary endurance training can
directly affect functional walking capabilities, particularly distance and the
type of assistive device required for walking.49,50 Aerobic training
improves overall ambulation capabilities regardless of the level of
amputation.51
Aerobic training typically begins immediately after surgery as the
patient is increasing his or her sitting tolerance and early walking distance.
Improving aerobic fitness should be incorporated into the rehabilitation
program and remain as a part of the amputee’s general fitness program
after discharge. Initially, most amputees can safely perform upper limb
ergometry.52,53 After balance and strength return, lower limb ergometry
may be performed, beginning with the sound limb and progressing to use

of the prosthetic limb, when appropriate. As the amputee’s level of fitness
improves, other equipment such as treadmills, stair climbing, and rowing
machines may be used. Because amputees enjoy the same activities as
nonamputees, swimming and walking may be the exercises of choice for
general fitness regardless of age or athletic ability.54

Strengthening
Dynamic residual limb exercises require only a towel roll and a step
stool.55-57 In addition to increasing strength, these exercises offer benefits
such as desensitization, improving bed mobility, and maintaining joint
ROM. While lying on an exercise mat, the patient depresses his or her
residual limb into the towel roll and raises his or her pelvis off the surface
for a count of 10 seconds. The four postural positions that strengthen the
hip musculature include supine for the hip extensors, side-lying on the
amputated side for the hip abductors, side-lying on the sound side for the
adductors, and prone for hip flexor muscles. Transtibial amputees can
perform two additional exercises. To strengthen the knee flexors, the
patient curls his or her residual limb over the towel roll or end of the
plinth. To strengthen the knee extensors, the patient is prone with a pillow
under his or her thigh while depressing the residual limb into the towel
roll. The basic dynamic strength training program57 for transfemoral and
transtibial amputees is shown in Figure 2.
As soon as bed or mat exercises can be tolerated, patients should be
introduced to the basics of core stabilization, which focuses on
intervertebral control, lumbopelvic orientation, and whole body
equilibrium, through strengthening of the transversus abdominis and
multifidus muscles.58 Strengthening the core musculature may minimize
or prevent some negative effects, including low back pain, gait
dysfunction, and functional impairments, after lower limb amputation.59
Core stabilization strengthening can enhance transfer activities, balance,
and ambulation by facilitating neuromuscular pathways, increasing
strength, and improving balance through the coordination of the
synergistic muscles of the trunk. The purpose of core stabilization is to
control, prevent, or eliminate low back pain; increase patient education and
kinesthetic awareness; increase strength, flexibility, coordination, balance,
and endurance; and develop strong trunk musculature to enhance upper
and/or lower limb functional activities. Low back pain is a frequent and
debilitating impairment in amputees, and it can often limit physical

performance and reduce quality of life.60,61 Lower limb amputees have
been found to demonstrate alterations in trunk motion and spinal loading
during gait that may contribute to a high risk for injury to the low back.62

Figure 2

Illustrations of strengthening exercises for the
residual limb. A, Hip extension. B, Hip abduction. C, Hip
flexion. D, Back extension. E, Hip adduction. F, Bridging. G, Situps. H, Knee extension. I, Knee flexion, on table (top) and knee
flexion, leg over table (bottom). (Copyright Advanced
Rehabilitation Therapy, Inc, Miami, FL, 1989. Illustrator, Frank
Angulo.)

Strengthening should be performed in multiple planes of motions. For
example, if a transtibial amputee were to strengthen just the knee flexor
and extensor muscles, which primarily control the movement in the
sagittal plane, control of the knee in the frontal and transverse plane would
not be achieved. With a strengthening program that focuses on all three
planes of motion, the ability to control excessive movement when walking
in any direction or on uneven terrain will provide improved stability and

confidence in the ability to control the prosthesis. Exercises that promote
strengthening in multiple planes incorporating rapid movements with
concentric and eccentric contractions can assist with prosthetic control and
help the amputee respond to the demands of walking.42 When possible,
these exercises should be performed in a closed kinetic chain posture
(Figures 3 and 4). Amputees who have access to isotonic and isokinetic
strengthening equipment can benefit from using this equipment with a few
modifications in positioning on the machines.

Range of Motion
Prevention of decreased ROM and contractures is a major concern in the
rehabilitation of amputees. Limited ROM can often result in difficulties
with prosthetic fit, gait deviations, or the inability to ambulate with a
prosthesis. The best way for an amputee to prevent loss of ROM is to
remain active. Unfortunately, not all amputees have this option; therefore,
proper limb positioning must be maintained long after amputation,
especially in sedentary amputees. If ROM has already been lost, the
amputee may benefit from many traditional therapy procedures such as
passive ROM, contract-relax stretching, soft-tissue mobilization,
myofascial techniques, joint mobilization, and other methods that promote
increased ROM.

Functional Activities
Encouraging activity as soon as possible after amputation helps speed
recovery in several ways. First, it offsets the negative effects of immobility
by promoting joint movement, muscle activity, and increased circulation.
Second, it helps amputees to reestablish their independence, which may be
perceived as threatened because of the loss of limb. Third, the
psychological advantages of activity and independence affect the patient’s
motivation throughout rehabilitation.

Figure 3

Illustrations of the ball rolls exercise. A, The
exercise is performed standing, with a tennis ball placed under
the sound limb and the patient holding on to an immovable
object. B, The ball is rolled quickly 10 to 15 times forward and
backward and then side-to-side, followed by clockwise and
counterclockwise
movements.
(Copyright
Advanced
Rehabilitation Therapy, Inc, Miami, FL, 1994. Illustrator, Frank
Angulo.)

Figure 4

Illustrations of resisted elastic kicks. One end of
rubber tubing is secured to a sturdy table leg and the other end
is placed around the sound ankle. With the patient holding onto
a chair, the leg is moved far enough away from the table so that

the rubber tubing is slightly stretched. The amputee then (1)
kicks away from the prosthetic limb while standing sideways to
the table (A); (2) then, turning 180°, kicks across the prosthetic
limb; (3) with his or her back to the table, kicks forward (B); and
then, while facing the table, kicks the leg back. (Copyright
Advanced Rehabilitation Therapy, Inc, Miami, FL, 1994.
Illustrator, Frank Angulo.)

Unsupported Standing Balance
In preparation for ambulation without a prosthesis, all patients must learn
to compensate for the loss of weight of the amputated limb by balancing
their center of mass over the sound limb. Although this habit must be
broken when learning prosthetic ambulation, balance on a single limb must
be learned initially to provide confidence during stand-pivot transfers,
ambulation with assistive devices, and hopping, depending on the skill
level of the patient. An amputee should be able to balance for at least 0.5
seconds to allow for the smooth and safe forward progression of an
assistive device during ambulation.
One method of progression begins with the amputee standing in the
parallel bars while using both hands for support.57 After the amputee is
able to stand in the parallel bars using both arms for support, the hand on
the side of the amputation should be removed from the bars. Independent
balance is achieved when both hands can be removed from the bars. To
improve balance and righting skills, the amputee is challenged by gently
perturbing the shoulders in multiple directions or tossing a weighted ball
back and forth.57 Enough time is allowed between perturbations or throws
for the amputee to regain a comfortable standing posture. After confidence
is gained within the parallel bars, the amputee is permitted to practice
these skills outside of the parallel bars.

Pregait Training
Balance and Coordination
After the loss of a limb, the decrease in body weight will alter the
amputee’s center of mass. To maintain the single-limb balance necessary
during stance without a prosthesis or ambulate with an assistive device, the
amputee must shift the center of mass over the base of support, which is
the foot of the sound limb. As the amputee becomes more secure in his or

her single-limb support, reorientation to maintaining the center of mass
over both the sound and prosthetic limbs becomes more difficult.
Ultimately, the amputee must learn to maintain his or her center of mass
and entire body weight over the prosthesis. Once comfortable with bearing
weight equally on both limbs, the amputee can begin to develop
confidence with independent standing and eventually with ambulation.

Orientation
Because orientation of the center of mass over the base of support is
necessary to maintain balance, the amputee must become familiar with
these terms and their relationship. The center of mass is 2 inches (5 cm)
anterior to the second sacral vertebra. Although the average individual
stands with his or her feet 2 to 4 inches (5 to 10 cm) apart, both the center
of mass and the base of support vary according to body height.63 Various
methods of proprioceptive and visual feedback may be used to help the
amputee to maximize the displacement of the center of mass over the base
of support. The amputee must learn to displace the center of mass from
side to side, as well as forward and backward57 (Figures 5 and 6). These
exercises vary little from the traditional exercises for shifting weight, with
the exception that the emphasis is placed on the movement of the center of
mass over the base of support, rather than weight bearing into the
prosthesis. Increased weight bearing will be a direct result of improved
center of mass displacement and will establish a firm foundation for actual
weight shifting during ambulation.

Figure 5

Illustration of a method to help the amputee

maximize displacement of the center of mass over the base of
support using lateral shifting of weight and balance orientation.
(Copyright Advanced Rehabilitation Therapy, Inc, Miami, FL,
1989. Illustrator, Frank Angulo.)

Standing on a Single Limb
Bearing weight on the prosthesis is one of the most difficult challenges
facing the physical therapist and amputee alike. Without the ability to
maintain full single-limb weight bearing and balance for an adequate
amount of time (0.5 second minimum), the amputee will exhibit several
gait deviations, including (1) decreased stance time on the prosthetic side,
(2) a shortened stride length on the sound side, or (3) lateral trunk bending
over the prosthetic limb. Strength, balance, and coordination are the
primary physical factors influencing single-limb stance on a prosthesis.
Fear, pain, and lack of confidence in the prosthesis must be considered
when an amputee appears reluctant to bear weight on the prosthesis.
Adequate weight bearing and balance on the prosthesis before and during
ambulation should be emphasized.
Balance on the prosthetic limb while advancing the sound limb should
be practiced in a controlled manner so that when it is required in a
dynamic situation (such as walking), it can be accomplished with
relatively little difficulty. The stool-stepping exercise is an excellent
method for learning this skill. The amputee stands between the parallel
bars, or between two chairs when training at home, with the sound limb in
front of a 4- to 8-inch (10- to 20-cm) stool (or block); the height depends
on level of ability. The amputee is then asked to step slowly onto the stool
with the sound limb while using bilateral upper limb support on the
parallel bars. To increase these weight-bearing skills, the amputee is asked
to remove the hand on the sound side from the parallel bars. Eventually,
both hands are removed from the bars. Initially, the speed of the sound leg
will increase when upper limb support is removed. With practice, the
movement will become slower and more controlled, thus promoting
increased weight bearing on the prosthesis (Figure 7).

Figure 6

Illustration of a method to help the amputee
maximize displacement of the center of mass over the base of
support using forward and backward shifting of weight and
balance orientation. (Copyright Advanced Rehabilitation
Therapy, Inc, Miami, FL, 1989. Illustrator, Frank Angulo.)

Figure 7

Illustrations of the stool-stepping exercise.
(Copyright Advanced Rehabilitation Therapy, Inc, Miami, FL,
1989. Illustrator, Frank Angulo.)

Walking speed and the ability to control sound limb advancement are

directly related to the ability to control prosthetic limb stance.64,65 The
following three factors may help the amputee achieve adequate balance
over the prosthetic limb: (1) control of the musculature of the amputated
side, (2) use of the available sensation at the residual limb–socket
interface, and (3) visualization of the prosthetic foot and its relationship to
the ground. New amputees will have difficulty understanding these
concepts but will attain a greater appreciation of them with time.

Gait-Training Skills
Sound and Prosthetic Limb Training
Another factor in adjusting to lower limb amputation is the restoration of
the gait biomechanics that were unique to the patient before amputation. In
other words, not everyone has the same gait pattern. The restoration of
function to the remaining joints of the amputated limb should be the goal
of gait training. Prosthetic gait training should not alter gait mechanics to
suit the prosthesis; rather, the prosthesis should be designed to suit the gait
of the patient. Developments in prosthetics have provided limbs that
closely replicate the mechanics of the human leg.

Pelvic Motion
The pelvis moves as a unit with the body’s center of mass in four
directions: (1) vertical displacement, (2) lateral displacement, (3)
horizontal tilt, and (4) transverse rotation. Each motion can directly affect
the amputee’s gait, resulting in gait deviations and movement
asymmetries, with a concomitant increase in energy consumption during
ambulation. If restoration of function to the remaining joints of the
amputated limb is a goal of gait training, then the pelvic motions play a
decisive role in determining the final outcome of the amputee’s gait
pattern.
Vertical displacement is simply the rhythmical up and downward
motion of the body’s center of mass. To replicate able-bodied ambulation,
the knee must flex 10° to 15° during loading response, and be fully
extended during midstance.66,67 The transtibial amputee has the ability to
flex and extend the knee during the stance phase of gait. Many newer
prosthetic knee designs allow limited stance flexion; however, the
transfemoral amputee must receive training and have confidence in the
knee mechanism when it flexes slightly during early stance. Frequently,

the amputee will exert excessive hip extension throughout the entire stance
phase because of concern that the knee might collapse (buckle). Evidence
suggests that the contribution of stance phase knee flexion does not
appreciably alter the amount of vertical movement during normal
walking.68,69
Lateral displacement occurs when the pelvis shifts from side to side
approximately 2 inches (5 cm). The amount of lateral displacement is
determined by the width of the base of support, which is 2 to 4 inches (5 to
10 cm) and the height of the individual. Amputees spend an inordinate
amount of time on the sound limb, such as when they are on crutches or
during relaxed standing. Therefore, they are adept at maintaining their
center of mass over the sound limb and have a habit of crossing midline
with the sound foot. Thus, adequate space for the prosthetic limb to follow
a natural line of progression is not available. The result is altered forces
across the knee joint of the sound limb and an increased dependence on the
sound limb during walking. Many transfemoral amputees will abduct the
prosthetic limb, potentially increasing the base of support with greater
lateral displacement of the pelvis toward the prosthetic side. Although it is
frequently observed in transfemoral amputees, an altered base of support
may also be seen in transtibial amputees.
Horizontal tilt of the pelvis is normally up to 5°, and any tilt greater
than 5° is considered excessive. Excessive horizontal tilt of the pelvis is
thought to be related to weak hip abductor musculature, specifically the
gluteus medius. Maintenance of the residual femur in adduction by means
of the socket theoretically places the gluteus medius at the optimal lengthto-tension ratio. If the limb is abducted, however, the muscle shortens in
that position and is unable to function properly. The result is a
Trendelenburg limp, or the compensatory gluteus medius gait, in which the
trunk leans laterally over the prosthetic limb in an attempt to maintain the
pelvis in a horizontal position. In addition to hip abductor weakness and
altered positioning of the femur and muscles, other biomechanical factors
reduce the transfemoral amputee’s ability to generate sufficient power at
the hip to maintain the pelvis in a horizontal position. These factors
include the following: (1) decreased muscle tissue–although the gluteus
medius is intact with all transfemoral amputations, the tensor fasciae latae
muscle is cut reducing the synergistic capacity of the hip abductor
muscles; (2) decreased bone length–the femur bone length is shortened
depending on the level of amputation, thus reducing the leverage of the hip

in a closed kinetic chain to act on the pelvis; and (3) decreased speed of
contraction–the loss of proprioceptive input from the foot and ankle
requires that the hip musculature must respond more rapidly with less
somatosensory input to postural changes when standing on the prosthetic
limb. Even with training, the hip musculature will have difficulty
responding rapidly enough to postural changes during walking.
Transverse rotation of the pelvis occurs around the longitudinal axis,
approximately 5° to 10° forward and backward. The transverse rotation of
the pelvis shifts the body’s center of mass from one limb to the other and
helps to initiate the 30° to 40° of knee flexion during preswing, which is
necessary to achieve 60° of knee flexion during the initial swing phase.
Knee flexion during preswing is also produced by flexion of the foot and
ankle. During preswing, the restoration of transverse rotation of the pelvis
becomes of great importance to obtain sufficient knee flexion because
most commercially available prosthetic feet do not permit plantar flexion.
A systematic method can be used to teach an amputee about normalization
of trunk, pelvic, and limb biomechanics. First, independent movements of
the various joint and muscle groups are developed. Second, the
independent movements are incorporated into functional movement
patterns of the gait cycle. Finally, all component movement patterns are
integrated to produce a smooth, normalized gait.

Prosthetic Training Program
In 1989 Gailey and Gailey56 introduced a functional prosthetic training
program that offers a systematic way to establish static and dynamic
stability and promote single-limb standing balance over the prosthetic
limb. After the amputee has attained a basic level of strength and balance,
resistive gait training techniques are implemented to reeducate the
amputee in normal gait movements necessary to maximize prosthetic
performance and promote economy of gait. Advanced gait training
exercises are offered to help the amputee, regardless of the level of
amputation, to negotiate a variety of environmental conditions that require
multidirectional movements and superior dynamic balance. With some
minor adaptations, this program also applies for people with bilateral
amputations. The time required to progress through the sequence and the
overall outcomes vary based on the amputee’s physical ability, diagnosis,
and motivation. The following sequence of steps is adapted from the

Prosthetic Gait Training Program.56
1. Dynamic residual limb exercises are used to strengthen muscles (see the
section on Preprosthetic Exercises).
2. Proprioceptive neuromuscular facilitation, Feldenkrais techniques, or any
other movement awareness techniques may be performed for trunk,
pelvic, and limb reeducation patterns. These exercises encourage
rotational motions and promote independent movements of the trunk,
pelvic girdle, and limbs.
3. Pregait training exercises (see the section on Pregait Training)
4. Sound limb stepping between the parallel bars is initiated (Figure 8). The
amputee steps forward and backward, preswing to initial contact, with
both hands on the parallel bars. The purpose of this activity is to
familiarize the amputee and physical therapist with the gait mechanics of
the sound limb without having to be concerned about weight bearing and
balance on the prosthetic limb. This activity also affords the physical
therapist an opportunity to palpate the anterior superior iliac spine to gain
a feeling for the amputee’s pelvic motion, which in most cases is close to
normal for the amputee.
5. Prosthetic limb stepping within the parallel bars is similar to the sound
limb stepping, except the prosthetic limb is used. As the physical
therapist palpates the anterior superior iliac spine, a posterior rotation of
the pelvis may be observed in some patients. This posterior rotation is
often a result of the amputee’s attempt to kick the prosthesis forward with
the residual limb, in a manner similar to kicking a football. The amputee
should feel the difference between the pelvic motion on the prosthetic
side and the sound side.
6. To restore the correct pelvic motion, the amputee places the prosthetic
limb behind the sound limb while holding on to the parallel bars with
both hands. The physical therapist then blocks the prosthetic foot to
prevent forward movement of the prosthesis. Rhythmic initiation is used,
giving the amputee the feeling of rotating the pelvis forward as passive
flexion of the prosthetic knee occurs (Figure 9). As the amputee becomes
comfortable with the motion, he or she can begin to move the pelvis
actively and progress to resistive movements when deemed appropriate
by the physical therapist.

Figure 8

Illustration of sound leg stepping, which is
designed to orient the amputee to gait biomechanics.
(Copyright Advanced Rehabilitation Therapy, Inc, Miami, FL,
1989. Illustrator, Frank Angulo.)

Figure 9

Illustration of rhythmic initiation designed to
promote transverse rotation of the pelvis. (Copyright
Advanced Rehabilitation Therapy, Inc, Miami, FL, 1989.
Illustrator, Frank Angulo.)

7. After the amputee and physical therapist are satisfied with the passive
pelvic motions, the swing phase of gait can be taught with resistive gait
training. The amputee steps forward and backward with the prosthetic
limb as the physical therapist applies the appropriate resistance to the

pelvis to facilitate transverse rotation. The pelvic motions should be
facilitated so that the line of progression of the prosthesis remains
constant without circumduction and that heel contact occurs within
boundaries of the base of support (Figure 10). As the amputee improves,
the sound side and eventually both hands are released from the parallel
bars. There should be little if any loss of efficiency with the motion;
however, if there is loss of efficiency, the physical therapist may revert to
the previous prerequisite skill to reinforce the proper movement patterns.
8. The next step is a return to sound limb stepping with both hands on the
parallel bars. The physical therapist will determine if the mechanics are
correct and that the sound foot is not crossing midline during initial
contact or heel strike. When ready, the amputee will remove the hand on
the sound side from the parallel bars. At this time, there may be an
increase in the speed of the step, a decrease in step length, and/or lateral
leaning of the trunk. These changes may occur as a direct result of the
inability to bear weight or balance over the prosthesis. The amputee is
verbally cued to remember the skills learned while performing the stoolstepping exercise (see the section on PreGait Training). After this skill is
adequately perfected, sound limb stepping without any hand support may
be practiced until single-limb balance over the prosthetic leg is
sufficiently mastered.

Figure 10

Illustration of resistive gait training to facilitate
proper pelvic rotation, prosthetic knee flexion, and balance.
(Copyright Advanced Rehabilitation Therapy, Inc, Miami, FL,
1989. Illustrator, Frank Angulo.)

9. When each of these activities has been performed to an acceptable level
of competency, the amputee is ready to combine them and begin walking
with the prosthesis. Initially, the amputee will walk within the parallel
bars facing the physical therapist. The physical therapist’s hands are
placed on the amputee’s anterior superior iliac spine, with the amputee
holding onto the parallel bars. As the amputee ambulates within the
parallel bars, the physical therapist applies slight resistance through the
hips, providing proprioceptive feedback to the pelvis and involved
musculature of the lower limb.
10. When both the physical therapist and the amputee are comfortable with
the gait demonstrated within the parallel bars, the amputee begins
practicing outside of the parallel bars, with the amputee initially using the
physical therapist’s shoulders as support and progressing to both hands
free when appropriate. The physical therapist may or may not continue to
provide proprioceptive input to the pelvis. As the amputee begins to
ambulate independently, verbal cueing may be necessary as a reminder to
keep the sound foot away from midline to maintain the proper base of
support. Maintenance of equal stride length may not be immediately
forthcoming because many amputees have a tendency to take a longer
step with the prosthetic limb than the sound limb. When adequate weight
bearing through the prosthetic limb has been achieved, the amputee
should begin to take longer steps with the sound limb and slightly shorter
steps with the prosthetic limb. This principle also applies when increasing
the cadence. When an amputee increases the speed of walking, a longer
step is often taken with the prosthetic limb in compensation, thus
increasing the asymmetry. By simply having the amputee take a longer
step with the sound limb and a moderate step with the prosthetic limb,
increases in gait speed are accomplished without increased asymmetry. If
the amputee is observed with a shorter step on the prosthetic side, the
cause is typically related to the reluctance to properly roll over the sound
foot. The double support time is increased when the prosthetic limb is
entering the stance phase while the sound foot remains in midstance,
decreasing the prosthetic limb step length. Confidence that the prosthetic
limb will support the amputee allows him or her to progress their body
weight over the sound foot without hesitation; this is required for
symmetric step lengths.
11. Trunk rotation and arm swing are important components of restoring the
biomechanics of gait. During locomotion, the trunk and upper limb rotate

opposite to the pelvic girdle and lower limbs. Trunk rotation is necessary
for balance, momentum, and symmetry of gait. Many amputees have
decreased trunk rotation and arm swing, especially on the prosthetic side,
which may be the result of fear of displacing their center of mass too far
forward or backward over the prosthesis. Normal cadence is considered
to be 90 to 120 steps per minute, or 67 to 82 meters per minute (2.5 to 3.0
miles per hour).63 Arm swing provides balance, momentum, and
symmetry of gait, and it is influenced by the speed of ambulation.70 As
the walking speed accelerates, arm swing increases to permit a more
efficient gait. Therefore, amputees who walk at slower speeds will
demonstrate a diminished arm swing. Restoring trunk rotation and arm
swing is easily accomplished by using rhythmic initiation or passively
cueing the trunk as the amputee walks. The physical therapist stands
behind the amputee with one hand on either shoulder. As the amputee
walks the physical therapist gently rotates the trunk. When the left leg
moves forward, the right shoulder is rotated forward and vice versa
(Figure 11). After amputees feel comfortable with the motion, they can
actively incorporate this movement into their gait.
12. Toe load, or the ability to balance full body weight over the prosthetic
forefoot during terminal stance, can be difficult but is required to achieve
maximum deflection of the footplate of the dynamic energy-storing foot.
The ability to balance over the forefoot of the prosthetic foot is best
introduced after the amputee has restored his or her walking
biomechanics and demonstrates good walking balance. To facilitate
balance over the prosthetic forefoot, the physical therapist walks behind
the amputee holding onto a gait belt around his or her pelvis and resists
slightly when the amputee’s body weight is over the prosthetic forefoot
and the sound limb advances. The focus should be on assisting the
amputee to balance over the forefoot with minimum resistance, so that his
or her body weight will deflect the prosthetic footplate. After the physical
therapist believes the amputee has achieved balance over the forefoot, the
hold on the gait belt can be released during walking. In most instances,
the amputee will immediately walk faster, with symmetric step lengths
and should feel the spring of the dynamic response foot.

Figure 11

Illustration of passive trunk rotation to assist in
restoring arm swing for improved balance, symmetry of gait,
and momentum. (Copyright Advanced Rehabilitation Therapy,
Inc, Miami, FL, 1989. Illustrator, Frank Angulo.)

Amputees who will be independent ambulators and those who will
continue to require an assistive device can derive some benefit from this
systematic rehabilitation program. Most patients can progress to the point
of ambulating outside of the parallel bars. At that time, the amputee must
use an assistive device to practice ambulating. Maintaining pelvic rotation,
an adequate base of support, equal stance time, and equal stride length all
have a direct influence on the energy cost of walking. Trunk rotation will
be absent in amputees using a walker as an assistive device. Those
ambulating with a cane should be able to incorporate trunk rotation into
their gait.

Variations for Disarticulation and Bilaterally Affected
Patients
The duration and degree of prosthetic training is unique to each amputee.
Many factors influence training, such as age, general health, motivation,
and cause and level of amputation. Patients who have had a Syme ankle
disarticulation have a major advantage over transtibial amputees because
the former group are able to bear some weight distally. The ability to bear
weight distally provides better kinesthetic feedback for placement of the

prosthetic foot. Because of this capability and the length of the lever arm,
individuals with a Syme ankle disarticulation require minimal prosthetic
gait training and can progress rapidly with weight shifting and other gait
skills; however, they may require practice to achieve equal stride length
and stance time.
Patients treated with a knee disarticulation also have several
advantages over transfemoral amputees, including a longer lever arm,
enhanced muscular control, improved kinesthetic feedback, and greater
distal end weight bearing. Although these advantages may decrease
rehabilitation time, the amputee with a knee disarticulation must learn the
same prosthetic gait skills as a transfemoral amputee.
Patients who have undergone hip disarticulation and transpelvic
amputation also need to master control of the mechanical hip joint as well
as the knee joint and foot and ankle assemblies. The gait training
procedures are essentially the same as for the transfemoral amputee;
however, in some patients the limitations of the mechanical hip joint may
require a slight sound side vaulting action for the foot to clear the ground.
Patients with bilateral lower limb amputation have unique challenges
but can become successful ambulators with or without an assistive device.
Many bilateral lower limb amputees progress from low-profile prostheses
without knee joints (stubbies) to normal height prostheses with articulating
knee joints. The preprosthetic gait training has a greater emphasis on hip
strength and core stabilization. The gait training sequence uses the same
progression, with the stronger residual limb receiving the initial treatment
similar to the sound limb in a patient with a unilateral transfemoral
amputation. Time and commitment are important for prosthetic success
and not all bilateral amputees will be independent prosthetic ambulators.
Often, older age is associated with inadequate neurophysiologic integrity
and an inability to generate the hip strength and speed of contraction
needed to achieve successful use of prosthetic devices. For these reasons,
wheelchair mobility training is just as important as prosthetic training. The
use of a wheelchair must not be perceived as failure, but rather an
alternative mode of mobility.

Advanced Gait-Training Activities
Stairs
Ascending and descending stairs is most safely and comfortably performed

one step at a time (step-by-step). Using a purely mechanical prosthesis,
only a few transfemoral amputees with exceptional ability can descend
stairs step-over-step, or by the “jack-knifing” method. Similarly, only a
few strong transfemoral amputees can ascend stairs step-over-step. Most
transtibial amputees have the option of either method. Individuals with
transpelvic amputation or those who have a hip disarticulation are limited
to the step-by-step method.
Most microprocessor and some hydraulic knee devices have made this
process easier with “yield rate control” or a mechanical breaking system
that permits the knee to bend slowly under the amputee’s body weight as
the sound limb descends to a lower stair. Newer, powered prosthetic knee
systems have a motor that can help raise the amputee when they ascend the
stairs on the prosthetic side as well as control knee flexion when
descending the stairs. Regardless of the type of prosthesis, ascending and
descending stairs step-over-step requires practice and confidence for safe
performance.
Step-By-Step Method
The step-by-step method is essentially the same for amputees at all levels
of lower limb amputation. When ascending stairs, the body weight is
shifted to the prosthetic limb as the foot of the sound limb is elevated and
firmly placed on the stair tread of the next step. The trunk is slightly flexed
over the sound limb as the knee extends, raising the body and the
prosthetic limb to the same step. The process is repeated for each step,
with the sound side always leading. When descending stairs, the body
weight is shifted to the sound limb as the prosthetic limb is lowered to the
step below by eccentrically flexing the knee of the sound limb. After the
prosthetic limb is securely in place, the body weight is transferred to the
prosthetic limb and the sound limb is lowered to the same step. This
process is repeated for each step, with the prosthetic side always leading
the descent.
One of the primary goals for ascending stairs step-over-step is to
increase the speed of ascent, but this comes at the cost of increased effort
and decreased safety. A variation on the step-by-step method is to simply
skip a step. This technique, however, is usually reserved for the most
physically fit amputees (Figure 12).

Figure 12

Illustration of transfemoral stair accent by skipping
a step for the purpose of increasing speed. (Copyright
Advanced Rehabilitation Therapy, Inc, Miami, FL, 1989.
Illustrator, Frank Angulo.)

Transtibial Amputees: Step-Over-Step Technique
When ascending stairs, the transtibial amputee who cannot dorsiflex his or
her foot and ankle assembly must generate a stronger concentric
contraction of the knee and hip extensors to successfully transfer body
weight over the prosthetic limb. Descending stairs is very similar to
normal descent except that only the prosthetic foot heel is placed on the
step. This compensates for the lack of dorsiflexion within the foot and
ankle assembly. Recent prosthetic ankle designs with active dorsiflexion
enable the amputee to place the prosthetic foot flat on the step surface for a
more stable base of support.
Transfemoral Amputees: Step-Over-Step Technique

Timing and coordination become critical in step-over-step stair climbing.
As the transfemoral amputee approaches the stairs, the prosthetic limb is
the first to ascend the stairs by rapid acceleration of hip flexion with slight
abduction to achieve sufficient knee flexion to clear the step. Some
transfemoral amputees will actually hit the approaching step riser with the
toe of the prosthetic foot to passively achieve adequate knee flexion. With
the prosthetic foot firmly on the step, usually the toe is against the riser of
the step, the residual limb must exert enough force to fully extend the hip
so that the sound foot may advance to the step above. With the sound side
foot on the higher step, the sound side hip extends, and the hip on the
prosthetic side must flex at an accelerated speed to achieve sufficient knee
flexion to place the prosthetic foot on the next step above. The strength
and coordination required to perform this technique are challenging to
accomplish; therefore very few transfemoral amputees are able or desirous
to use the technique.

Figure 13

Illustration of a transfemoral amputee using a
prosthetic knee with controlled stair descent capabilities. When
ascending stairs (left), the sound foot is placed on the upper
stair. As the knee and hip extend, the body rises and the
prosthetic limb is placed on the same stair, enabling the
amputee to safely ascend the stairs in a step-by-step manner.
When descending stairs (right) one-third to one-half of the
prosthetic foot should be placed forward to the edge of the stair
lip. The amputee contracts the hip extensors against the
posterior socket wall, slowly reducing the effort as the stance

control mechanism of the prosthetic knee slowly lowers the
body to the next step. (Copyright Advanced Rehabilitation
Therapy, Inc, Miami, FL, 1990. Illustrator, Frank Angulo.)

Descending stairs is achieved by placing only the heel of the prosthetic
foot on the stair below, then shifting the body weight over the prosthetic
limb. In the absence of a knee with yield rate control, this results in a
passive flexion or jackknifing motion of the knee. In such instances, the
sound limb must quickly reach the step below in time to catch the body
weight. The process is repeated at a rapid rate until a rhythm is achieved.
Most transfemoral amputees who have mastered this skill descend stairs at
an extremely fast pace, much faster than would be considered safe for the
average amputee.
When the knee of the prosthesis features yield rate control, one-third to
one-half of the prosthetic foot should be placed forward to the edge of the
stair while the amputee gently contracts the hip extensors against the
posterior socket wall, slowly reducing the contractile effort as the stance
control mechanism of the prosthetic knee slowly lowers the body to the
next step. Considerable practice, strength, and confidence are required to
master the skill of descending stairs in this controlled step-over-step
manner (Figure 13).
Crutches
When ascending and descending stairs with crutches, both crutches can be
held in the hand opposite the handrail or can be used in the traditional
manner.

Curbs
The same methods described for ascending and descending stairs are used
for curbs. Depending on the level of skill, the amputee can step up or down
curbs with either leg.

Uneven Surfaces
Unrestricted home and community ambulation requires that the amputee
walk over a variety of surfaces such as concrete, grass, gravel, uneven
terrain, and varied carpet heights. Initially, the new amputee will have
difficulty in recognizing the different surfaces secondary to the loss of
proprioception within the prosthetic limb. To promote an increased visual

and proprioceptive awareness of these differences, time should be spent
practicing on various surfaces. In addition, the amputee must realize that in
many circumstances, it is important to observe the terrain ahead to avoid
hazards such as slippery surfaces or holes that might cause a fall.

Ramps and Hills
Ascending and descending inclined surfaces presents a problem for all
lower limb amputees because of the lack of dorsiflexion and plantar
flexion in foot and ankle assemblies of most prosthetic feet. Descending is
the more difficult task for transtibial amputees and transfemoral amputees
with prosthetic knee joints because of the added dilemma of the weight
line falling posterior to the knee joint, which results in a flexion moment.
When ascending an incline, the body weight should be slightly more
forward than normal to obtain maximal dorsiflexion with articulating foot
and ankle assemblies and to keep the knee in extension. Depending on the
grade of the incline, pelvic rotation with additional acceleration may be
required to achieve maximal knee flexion during swing. Descent of an
incline usually occurs at a more rapid pace than normal because of the lack
of dorsiflexion and plantar flexion, resulting in decreased stance time on
the prosthetic limb. Amputees with prosthetic knees must exert a greater
than normal force on the posterior wall of the socket to maintain knee
extension. Microprocessor-controlled knee systems can automatically
compensate for the increased knee flexion moment by increasing the knee
flexion resistance, making descent safer and allowing the amputee to take
equal steps with greater confidence.
Lower limb amputees can adopt several strategies to aid in ascending
and descending inclines. On modest inclines, they may simply adopt
shorter equal strides. This method is often preferred because it simulates a
more normal appearance as opposed to the sidestepping or zigzag method.
However, when ascending and descending steep hills, the amputee will
find sidestepping to be the most efficient technique. During ascent, the
sound limb should lead, providing the power to lift the body to the next
level, while the prosthetic limb remains slightly posterior to act as a firm
base by keep the weight line anterior to the knee. During descent, the
prosthetic limb leads but remains slightly posterior to the sound limb. The
prosthetic knee remains in extension, again acting as a form of support so
that the sound limb may lower the body.
For individuals with transpelvic amputation or hip disarticulation,

sidestepping is the most common alternative regardless of the grade of the
incline. Although newer hip joints combined with microprocessorcontrolled or powered knee and foot systems have enabled many amputees
with this level of amputation to negotiate inclines and declines without
sidestepping, the mastery of this skill requires time and practice.
When possible, the most accepted method for navigating a variety of
inclines and challenging conditions, such as wet surfaces and ice, is
placing one hand on another person’s shoulder. For example, while
walking down an incline, the amputee will walk one step behind an
assistant, with one hand on the assistant’s shoulder. As the two walk
slowly down the incline, the speed of decent is controllable, giving the
amputee more confidence.

Falling
Controlled falling and lowering to the floor are important skills not only
for safety but also as a means to perform activities on the floor. During
falling, the amputee must first discard any assistive device to avoid injury
and ensure he or she lands on his or her hands with the elbows slightly
flexed to reduce the force and decrease the possibility of injury. As the
elbows flex, the amputee should roll to one side to further decrease the
impact of the fall. Lowering the body to the floor in a controlled manner is
initiated by squatting with the sound limb followed by gently leaning
forward onto the slightly flexed upper limbs. From this position, the
amputee remains in a quadruped position or assumes a sitting position.

Floor to Standing
Many techniques teach the amputee how to rise from the floor to a
standing position and vary with the type of amputation and the skill level
of the amputee. The amputee and physical therapist must work closely
together to determine the most efficient and safe manner to successfully
master this task. The fundamental principle is to have the amputee use the
assistive device for balance and the sound limb for power as the body
begins to rise.

Exercises for Maximizing Stability Within the Socket
Sidestepping
Sidestepping, or walking sideways, can be introduced to the amputee at

various times throughout the rehabilitation program. The patient can begin
with simple weight shifting within the parallel bars. With practice, more
complex activities can be performed such as unassisted sidestepping
around tables or a small obstacle course that requires many small turns.
During early rehabilitation, sidestepping provides the amputee with a
functional exercise for strengthening the hip abductors; later in the
rehabilitation process, it provides an opportunity to progress to
multidirectional movements.
Walking Backward
Walking backward is not difficult for transtibial amputees but poses a
problem for amputees requiring a prosthetic knee because there is no
means of actively flexing the knee for adequate ground clearance. In
addition, the posterior forces tend to cause the weight line to fall posterior
to the knee, causing a flexion moment and possible buckling of the knee.
There are a few exceptions, such as newer microprocessor-controlled
knees that actively flex when walking backward; however, these knees
require specific movements to activate prosthetic knee flexion. The most
comfortable method of backward walking for transfemoral amputees is to
vault upward (plantar flex) on the sound foot to obtain sufficient height for
the prosthetic limb to clear the ground as it is moved posteriorly. In this
maneuver, the prosthetic foot is placed well behind the sound limb with
most of the body’s weight being borne on the prosthetic toe, which keeps
the weight line anterior to the knee. The sound limb is then brought back,
usually at a slightly faster speed for a somewhat shorter distance. The
trunk is also maintained in some flexion to maintain the weight forward on
the prosthetic toe. With a little practice, most amputees become quite
proficient in walking backward.
Multidirectional Turns
Changing direction during walking or maneuvering within confined areas
is difficult. Situations such as crowded restaurants, elevators, or just
simply turning around, are often overcome by “hip hiking” the prosthesis
and pivoting around the sound limb. This method is effective but is not the
most aesthetic means of changing direction. When turning to the sound
side, two key factors for a smooth transition include maintaining tranverse
pelvic rotation and performing the turn in two steps. The prosthetic limb is
crossed 45° over the sound limb, the sound limb is rotated 180°, and the

turn is completed by stepping in the desired direction with the prosthetic
limb, leading with the pelvis to ensure adequate knee flexion.
Turning to the prosthetic side is performed almost exactly the same
way except that slightly more body weight is maintained on the prosthetic
toe to keep the weight line anterior to the knee, thus preventing knee
flexion. The sound limb is crossed 45° over the prosthetic limb,
automatically throwing the weight line forward. The prosthetic limb is
turned as close to 180° as possible without losing balance (135° is usually
comfortable), and the turn is completed by stepping in the desired direction
with the sound limb. If necessary, the transfemoral amputee may need to
be reminded to maintain knee extension by applying a force with the
residual limb against the posterior wall of the socket.
Exercises that will reinforce turning skills include follow-the-leader
and figure-of-8 drills, in which the amputee follows the physical therapist
in making a series of turns in all directions with varying speeds and
degrees of difficulty. The level of skill in turning will vary among
amputees. All functional ambulators should be taught to turn in both
directions regardless of the prosthetic side. Lower limb amputees with
poor balance may be limited to unidirectional turns, requiring a series of
small steps to complete the turn.

Figure 14

Illustration of the braiding exercise that is
designed to improve prosthetic control, balance, and
coordination by crossing one leg in front of or behind the other
in a continuous manner. (Copyright Advanced Rehabilitation
Therapy, Inc, Miami, FL. 1989. Illustrator, Frank Angulo.)

Tandem Walking
Walking with a normal base of support is of prime importance; however,
tandem walking can assist with balance and coordination and can improve
awareness of the prosthesis. After placing a 2- to 4-inch–wide (5 to 10 cm)
strip of tape on the floor, the amputee is asked to walk in three ways. The
amputee first walks with one foot to either side of the line, then along the
line, heel to toe, with one foot in front of the other. Finally, the amputee
walks with one foot crossing over in front of the other so that neither foot
touches the line, with the left foot always on the right side of the line and
vice versa.
Lateral Agility Drills
Lateral agility drills are one of the strategies necessary for moving in
different directions. The amputee simply moves sideways for a
predetermined distance, starting with slow steps and picking up speed as
the movement becomes easier. Amputees who participate in recreational
activities that regularly require lateral movements, such as tennis,
basketball, and softball, should practice at speeds consistent with their
sport. After speed and balance have been established, the drills can include
the use of a racquet or ball, adding more complex skills such as swinging
the racquet or passing the ball during each repetition.
Braiding
Braiding (cariocas or grapevine step) may be taught either within the
parallel bars or in an open area, depending on the amputee’s ability
(Figure 14). Braiding consists of crossing one leg in front of or behind the
other. Care must be taken not to bump the prosthetic knee with the sound
limb, which will cause it to collapse. Rapidly creating a backward force
within the socket with hip musculature will help to maintain stability. As
the skill level improves, the amputee will develop the speed of residual
limb movement and stability necessary to move confidently in any
direction. To improve dynamic balance, the amputee should perform
braiding in which the trunk moves in opposition to the pelvic motion. As
agility improves, the amputee can vary the speed during the lateral agility
drills to further improve prosthetic control in multiple directions.
Cup-Walking Drills
Cup walking is a challenging, low-impact exercise that has been shown to

be extremely beneficial in helping amputees to learn to control their
prosthesis. Five to 10 disposable cups are placed approximately 12 to 18
inches apart. Paper cups are a good choice because they crush more easily
than plastic if stepped on (Figure 15). Starting at one end of the row of
cups, the amputee slowly raises one leg while stepping forward so that the
knee is waist high, or so that a 90° angle is formed at the hip, and then
slowly returns the foot to the floor while stepping over the next cup.

Figure 15

Illustration of the cup-walking drill. (Copyright
Advanced Rehabilitation Therapy, Inc, Miami, FL, 1990.
Illustrator, Frank Angulo.)

When balancing over the prosthetic limb as the sound limb advances,
the amputee should focus on three key elements. (1) The buttocks and, for
transtibial amputees, the thigh muscles on the prosthetic side are
contracted. (2) A downward force through the socket is exerted creating
maximal weight bearing within the socket. (3) The weight of the body
must pass over the prosthetic foot to maintain weight over the great toe of
the prosthetic foot.
There are several exercise variations that can be introduced with the
cup drills. For example, walking on a compliant or foam surface increases
the need for stability within the socket of the prosthetic limb to execute the
exercise exactly the way it is performed on a solid floor. The amputee
needs to maintain knee stability in all directions and therefore must react
faster with the muscles of the knee and hip to maintain balance. Sideways
walking will further challenge the residual limb musculature and improve

balance.
Backward walking is another skill that will assist in developing
prosthetic control. Amputees should focus on the same key elements,
contracting the muscles, exerting a downward and backward force within
the socket, and feeling the weight progress over the prosthetic foot.
Limiting any unnecessary movement from the trunk also will be helpful.

Exercises for Maximizing Prosthetic Ankle and Foot
Performance
Toe-Box Jumps
For toe-box jumps, four pieces of tape are placed 2 feet apart to form a
square. The amputee stands with both feet together, then jumps diagonally
to the opposite mark, landing on the toe of the prosthetic foot while using
the sound limb for balance. The body weight loads the prosthetic foot;
then, as the prosthetic foot plate releases its stored energy, the amputee
quickly pushes off using the quadriceps muscles to extend the knee,
jumping to the next mark to the lateral side. Again, landing on the toe of
the prosthetic limb and balancing with the sound limb, the amputee jumps
diagonally to the last remaining mark. Initially, a spotter should be present
for safety. Timing of the prosthetic foot plate release and knee extension is
the focus of the exercise, as well as learning how to take advantage of the
prosthetic foot’s energy return.
Lateral Speed Weave
A set of four to five cones are placed in a straight line approximately every
4 feet, with another alternating set of cones placed halfway between and 2
to 3 feet across. The lateral speed weave is designed to promote speed,
power, and agility in all directions by having the amputee run forward, to
the side, backward, to the side, and forward again. Because of the
differences in knee control, transtibial amputees and transfemoral
amputees perform this exercise in a slightly different manner.
Transtibial amputees run in and out of the cones, with the emphasis
placed on staying on the toe of the prosthetic foot for quick acceleration
and deceleration. Again, it is important to focus on the timing between the
deflector plate of the prosthetic foot and the knee extensors to achieve
maximal power. This exercise prepares the amputee athlete for
multidirectional movements that include starting, stopping, and changing

direction. For transfemoral amputees, the fundamental skill that
underscores the success of this exercise is learning to control the flexion
and extension of the knee.
Agility Drills
To perform agility drills, several cones or cups are lined up in two rows
(four to six on either side) approximately 6 feet apart. The amputee
quickly moves from one cone to another, squatting down to touch each
cone as he or she zigzags from one cone to another. The key to this
exercise is maintaining speed by staying on the toe of the prosthetic foot
and using the quadriceps and hip extensor muscles to rapidly extend the
prosthetic limb as the amputee turns or rises from the squatting position.

Summary
The physical therapist must work closely with the rehabilitation team to
provide comprehensive care for the amputee. An individualized program
must be constructed according to the abilities of each patient. The primary
skills of preprosthetic training help build the foundation for successful
prosthetic ambulation. The degree of success with ambulation may directly
influence how much amputees will use their prostheses and may be
predictive of their overall level of activity. The primary goal of the
rehabilitation team should be to make this transitional period as smooth
and successful as possible.
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Adaptive Lower Limb
Prostheses for Sports and
Recreation
Mihai Bragaru, PhD Francois Van Der Watt, CPO, LPO

Abstract
Participation in sports and recreational activities by individuals with lower
limb amputation can improve physical and mental health status. Prostheses
specifically designed for sports participation can assist lower limb amputees
in achieving optimal performance but are not needed to engage in all sports
activities. Prosthesis use in sporting and recreational activities is best
determined after consultation with a prosthetist, physiotherapist, and other
members of the rehabilitation team.
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Introduction
Prior to the beginning of the 20th century, there are no written records of
individuals with amputations or other physical disabilities participating in
major organized sporting events. The first record of an amputee
participating in a major event concerns George Eyser, who competed in
the 1904 Summer Olympic Games.1 Eyser, who lost his lower left leg in a
train accident and used a wooden prosthetic leg, successfully competed
against able-bodied athletes and won six Olympic medals (including three

gold medals).1 Taking into account the major differences in physical
functioning between able-bodied individuals and those with amputations,
his performance represents an outstanding achievement.2,3
The first sporting event dedicated to individuals with physical
disabilities took place in 1948 at the Stoke Mandeville Hospital, under the
initiative of Sir Ludwig Guttmann, a British neurologist of German
descent.4 The first Paralympic Games took place in Rome, Italy, in 1960
and have since become a regular event held once every 4 years.5 The
number of participants and sports performed has increased in every
subsequent Paralympic Games. In the 2012 summer Paralympic Games
held in London, 4,237 athletes competed in 20 different sports.6,7
Participants were organized into six disability groups to “ensure
competition is fair and equal, and that winning is determined by skill,
fitness, power, endurance, tactical ability and mental focus, the same
factors that account for success in sports for able-bodied athletes.”8
Approximately 30% of individuals with a lower limb amputation
participate in sports, with cycling, fitness, swimming, golf, and walking
being some of the favored activities.9 Generally, an individual who was
actively participating in sports before his or her amputation is more likely
to participate in sports after an amputation. Other factors that may have a
positive influence on the participation in sports are a younger age, a more
distal level of amputation, and a nonvascular amputation.
To better understand participation in recreational and competitive
sports by individuals with limb absence or loss, the effects of factors such
as physical health, psychological determinants, and technical aids (such as
prostheses) must be considered.

Physical Health
Although amputees generally have better physical health than individuals
with other physical disabilities such as cerebral palsy or spinal cord
injury,10,11 they still have substantial limitations in physical functioning
compared with able-bodied individuals.12 The rehabilitation period can
provide the ideal place, time, and professional care to recover from the
amputation and explore the possibility for sports participation for those
demonstrating the will and capability to become recreational or
competitive athletes. The physical therapist and prosthetist may be a
source for advice and guidance on the training required and the sport that

best suits the individual’s skills and capabilities.

Psychological Determinants
The trauma associated with limb amputation is not confined to physical
trauma. Psychological trauma is also experienced by many lower limb
amputees who are prone to depression in the first 2 years after an
amputation.13,14 Regular participation in a sport is one method for dealing
with depression, and it has proved both physically and psychosocially
beneficial for those who have undergone a lower limb amputation.9,12,1521 When questioned about the advantages of sports participation, one
amputee mentioned the improvement in well-being, the chance to feel
useful, and the opportunity to get out of the house and on a path to
regaining a social life.22

Figure 1

Photograph of the Revolimb (Boa Technology),
with an adjustable socket for volume fluctuations.

Factors that may promote or deter an individual’s participation in
sports include past experiences, personal desires and aims, stigma
management, coping skills, self-efficacy, disability acceptance, general
health, physical capacity, functional outcome, and regional opportunities
for participation.23 Support from family and peers may encourage sports
participation.

Technical Aids and Prostheses
The idea of amputees participating in sports is not new, but the
understanding of sport prostheses and the role they play in performance is
still a developing science. Although some sports can be performed with
conventional prostheses not specifically adapted for a particular sport,
other sports require special prostheses. In recent years, there has been an
increase in the rate of development of specialized prostheses and prosthetic
components used for sports.24 In 1996, the first Flex-Foot Cheetah (Össur)
became available; advancements in sports prosthetic technology have
continued since that time. Although the study and understanding of the
biomechanics and functioning of prosthetic devices for sports have
continued to improve over the past decade, much of the science concerning
sport-specific prostheses and their performance is still unknown.25 Sportspecific components are only one part of the athlete’s total “package” that
enables him or her to participate and achieve advanced performance in
sports activities. The limb-socket interface, the method of suspension, and
the alignment of prosthetic components are also important factors.

Prosthetic Sockets
A prosthetic socket should be custom made to fit the characteristics of the
athlete’s residual limb. The socket should provide the required support and
comfort to allow the athlete to voluntarily move and control the prosthesis
during the sports activity. The socket trim lines should be optimized to
allow joint mobility without compromising limb support. Muscle atrophy
in the residual limbs of amputee athletes is common and requires socket
adjustments to accommodate changes in limb shape and volume. It is fairly
common to see an increase of up to 17% in the volume of the residual limb
during competition or training.26 Therefore, an adjustable socket may be
useful for an athlete with a transfemoral or transtibial amputation. One
option for resolving the issue of varying limb volume is an adjustable

socket achieved by cutting out targeted socket walls and fitting them with
adjustable flaps (Figure 1). This approach can use an adjustable cable
system to alter the position of the socket walls to increase or decrease the
volume of the socket as changes occur in the volume of the residual limb
during an activity.
At the transfemoral amputation level, subischial or brimless socket
designs, which allow increased range of motion and muscle movement,
can be considered. These types of sockets are designed for use with a liner
to provide skin protection and relief from shear forces applied to the skin
of the residual limb by the increased load experienced during sports
activities.

Suspension System
The primary function of the socket suspension system is to secure the
prosthesis to the athlete’s residual limb. The suspension method can also
play a critical role in reducing mental fatigue by decreasing the fear of
losing the prosthesis during sports participation. The suspension method
should be functional and should not limit the joint range of motion. A
variety of options is available, and individual needs will determine the
most appropriate suspension method. These can include mechanical
connections, suction suspension, active vacuum suspension, or a
combination incorporating two or more suspension methods. The use of an
interface liner is common across all suspension techniques.

Prosthetic Component Choice and Alignment
The prosthetist can choose from a large variety of components that will
enable a patient to achieve his or her best performance in the desired sport.
During the dynamic alignment of these components, the manufacturer’s
recommendations can be helpful because individual component properties
and functions differ among manufacturers.
When the need for shock absorption is anticipated and the associated
components are incorporated into the prosthetic design, the overall height
of the prosthesis must be adjusted accordingly. During running, the
compression experienced by shock-absorbing components can affect the
timing of ground contact and stride length, and both elements can affect
running speed. The selection of an appropriate stiffness for a prosthetic
foot can be challenging because the level of amputation, limb length,
strength, body weight, and ability to produce force will vary based on the

characteristics of the individual athlete. Secondary, comorbid impairments
also are common and should be considered when optimizing prosthetic
alignment for an athlete.

Figure 2

Photograph of the Flex-Run foot (Össur), a high
performance, sport-specific foot for running. (Courtesy of
Össur, Reykjavik, Iceland.)

Sport-Specific Prostheses
Distance Running
Recreational running can be one of the simplest forms of exercise for an
individual with a lower limb amputation. However, it can be challenging
for the novice athlete to learn proper running techniques while using a
sport-specific prosthesis. Although jogging with a conventional prosthesis
may be more intuitive to a beginning runner, transitioning to a prosthesis
specifically designed for running will ultimately be more energy efficient
and will help reduce interlimb asymmetries. Because most highperformance, sport-specific feet for running do not have a traditional heel
component (Figure 2), athletes with a transtibial amputation must adopt
new techniques to control and maintain proper knee position during
running. Special attention should be paid to prosthetic alignment to help
prevent knee hyperextension during initial ground contact when using a
sport-specific running prosthesis.

Figure 3

Photograph of an individual with a left limb
amputation wearing a nonarticulating transfemoral running
prosthesis for enhanced knee stability. (Courtesy of Phillip M.
Stevens, MEd, CPO, Salt Lake City, UT.)

Running is more challenging for individuals with a transfemoral
amputation than those with a transtibial amputation because of the
increased interlimb asymmetries experienced at the transfemoral level.9
The prosthetist attending a novice transfemoral amputee who wants to
participate in distance recreational running should initially consider
connecting the running foot to the socket using a traditional pylon without
a prosthetic knee component (Figure 3). This approach will assist the
amputee in making the transition from a walking gait to a running gait
because knee stability during midstance is ensured and will also allow the
athlete to become accustomed to using a sport-specific foot for running.
For some users, this simple, reliable design may remain their preferred
approach for recreational running.

Figure 4

Photograph of the 3S80 Fitness Prosthetic Leg
(Ottobock). This running prosthesis hydraulically regulates knee
motion. (Courtesy of Ottobock, Austin, TX.)

Residual limb length, strength, condition, running experience, and
physical and mental ability should be considered when introducing a
mechanical knee component for an athlete with a transfemoral amputation.
In addition, the athlete’s ability to coordinate and control the placement of
the prosthetic foot and ensure prosthetic knee stability during the
midstance phase of the running gait cycle is important to assess. The use of
a running prosthesis with hydraulic regulation of knee motion (Figure 4)
allows the prosthetist to adjust the rate of flexion and extension during the
swing phase and optimize the timing and placement of the prosthetic foot
during the initial stance phase of the running gait. Several such knee
mechanisms also have a mechanical locking mechanism to assist the
athlete when not running.

When the extension delay of the prosthetic knee during the swing
phase cannot be adequately reduced through hydraulic regulation, this
delay can be mechanically reduced by lowering the prosthetic knee’s
horizontal axis and shortening the length of the lower shaft of the
prosthesis.27

Figure 5

Photograph of Marlon Shirley sprinting with the
Cheetah foot (Courtesy of Össur, Reykjavik, Iceland).

The distance the athlete plans to run also should be considered. The
longer the distance, the higher the cost of mental fatigue because the
athlete must continually concentrate on maintaining knee stability during
the stance phase and optimal prosthetic knee and foot advancement
through the swing phase. The prosthetist should align and adjust the
components to optimize performance and minimize the physical and
mental energy expenditure in the athlete with a transfemoral amputation.

Sprinting
The sport-specific running prosthesis for a transtibial amputee consists of a
residual limb socket and a sprinting-specific foot chosen from a line of
prosthetic feet made by various manufacturers, including Ottobock, Össur
(Figure 5), and Freedom Innovations. The method of suspension is

determined by the individual athlete’s limb configuration and can include
any of the suspension approaches previously described in this chapter. A
prosthetic foot for sprinting is generally made of a layered, carbon fiber
composite material. Because of the high impact levels encountered, the
intense forces applied, and the athlete’s training volume, the durability of
the foot is limited, and it should be replaced on an annual or biannual basis
because the energy-storing properties of carbon fiber feet diminish over
time.

Figure 6

Photograph of a cyclist wearing a special cycling
prosthesis with a shoe cleat connected directly to the socket.
(Copyright Getty Images, Chicago, IL.)

A sprinter with a transfemoral amputation can use the same foot
components as a sprinter with a transtibial amputation but can choose
whether or not to use a knee component. The same knee component
recommended for distance running can be used for sprinting, although
some athletes elect to sprint without a knee component. The athlete’s
personal preference as well as his or her running ability and comfort will
play a major role in this decision. The trainer, the prosthetist, and the
rehabilitation professional should be involved in the decision regarding the
use of a knee component.

Cycling
Advancements in technology have allowed amputees to enjoy a wide
variety of cycling activities from recreational cycling with family and
friends to competitive road racing and mountain biking. The use of a
specially designed cycling prosthesis can make cycling easier, but a
conventional prosthesis can also be used.
Special attention is needed in selecting the optimal suspension method

because a transtibial amputee needs a full range of knee motion and proper
alignment to generate power in the downward stroke when cycling. A
high-stiffness prosthetic foot without a foot cover or a strait pylon design
with the prosthetic foot removed can be used to connect directly to the
bike pedal with a shoe cleat. For competitive road racing, the cycling
prosthesis can be designed and manufactured with a shoe cleat connected
directly to a lightweight exoskeletal socket design (Figure 6).

Figure 7

Photograph of a cyclist using a Bartlett Tendon
Universal Knee. This knee mimics natural muscle function, and
it has adjustable tendon durometers and extension stops.
(Courtesy of Fabtech Systems, Everett, WA.)

Specialized knee components are available for the cyclist with a
transfemoral amputation. These components are designed to allow the user
to get into a standing cycling position, which is challenging to achieve and
maintain with a conventional mechanical knee component. The Bartlett
Tendon Universal Knee (Fabtech Systems; Figure 7) uses two
multidurometer elastic tendons that act as the quadriceps. This allows a
cyclist to get in the standing position for the downward power stroke and
also assists in optimizing foot position during the cycling upstroke.

Swimming
The use of a prosthesis for swimming events is not allowed for Paralympic

competitions, although a prosthesis can be used to get to and from the pool
or in the swim area. However, an amputee who is a recreational swimmer
has a wide variety of prosthetic choices. The method of securing the socket
to the residual limb depends on the preference of the prosthetist. Currently,
the most commonly used method is a sleeve suction suspension system
over a cushion liner. Locking liners are also a suspension option. The
socket can be designed with or without a foot component; a swimming fin
can be attached directly to the prosthetic socket (Figure 8). The
suspension system should provide a secure and comfortable fit to allow
kicking with the prosthesis, without excessive residual limb movement
within the socket. The preferred prosthetic design for a swimming
prosthesis for a transtibial amputee is a hollow exoskeletal prosthesis, with
a hole drilled into the distal shin to allow the water to enter and exit, thus
eliminating positive buoyancy. The hole also allows water to drain when
the prosthesis is out of the water. The transtibial amputee can use an ankle
component similar to the Freestyle Swim ankle (Freedom Innovations;
Figure 9) or the Swimankle (Rampro; Figure 10). Both ankle units allow
the user to adjust and lock the prosthetic foot in up to 70° of plantar
flexion for use with swimming fins. The ankles also can lock in a 90°fixed ankle for walking to and from the water.

Figure 8

Photograph of a patient wearing bilateral flipper
prostheses, with the flippers attached directly to the socket.
(Courtesy of Phillip M. Stevens, MEd, CPO, Salt Lake City,
UT.)

Figure 9

Photograph of the Freestyle Swim ankle (Freedom
Innovations). This ankle allows an easy transition between
swimming and walking. It allows an amputee to walk to the
edge of the swimming pool. (Courtesy of Freedom Innovations,
Irvine, CA.)

Care should be taken in component selection because rust and
corrosion can damage and limit the function of metal prosthetic
components when exposed to salt water and other wet environments.
The type of swimming prosthesis selected for a user with a
transfemoral amputation is an individual and situation-specific decision.
Most transfemoral amputees do not elect the use of a swimming prosthesis
because of the challenge of suspension and the lack of prosthetic control in
the water. The water drag created by a transfemoral prosthetic device can
demand substantial energy expenditure, making it more challenging to
swim with a device than without one. However, transfemoral prostheses
for water-specific sports, which are described in the next section, can be
designed for swimming if the transfemoral amputee elects that choice.

Water Sports
The current advancements and developments in sport- and activity-specific
technologies allows athletes with lower limb amputations to participate in
a wide variety of water sports, including surfing, waterskiing,
wakeboarding, kiteboarding, fishing, rowing, canoeing, scuba diving,
paddleboarding, and water aerobics. The prosthetic parameters to consider
are suspension methods, waterproofing and protecting components, and
component selection. Conventional prostheses can be protected from water
damage and corrosion with a water-protective cover (Figure 11).

Figure 10

Photograph of a swimmer with a bilateral
transtibial amputation wearing the Swimankle. (Courtesy of
Rampro, Oceanside, CA.)

Figure 11

Photograph of a conventional lower limb
prosthesis with an Advanced Cover Systems (Fabtech)
prosthetic limb cover for protection from water, snow, mud, and
sand. (Courtesy of Fabtech Systems, Everette, WA.)

The Aqualine (Ottobock; Figure 12) waterproof prosthetic system is
an alternative option for the transfemoral amputee. The components of this
prosthesis have a water-resistant coating that provides resistance to
corrosion, and the specially designed prosthetic foot, worn without a shoe,
is slip-resistant on wet surfaces. The transfemoral amputee also can use a
water- and corrosion-resistant, single-axis mechanical knee, such as the
902 Nylon Knee (Aulie Devices). This unit enables the amputee to lock
the knee in full extension. With the use of a hydraulic cylinder to control
swing parameters and a steel spring to assist in swing extension, this knee
also is useful for swimming. The Moto Knee (Biodapt; Figure 13) can be

used for water sports like skiing and wakeboarding. This device allows
shock-resistant prosthetic knee flexion.

Figure 12

Photograph of the Aqualine (Ottobock) waterproof
prosthetic system. This prosthesis has a water-resistant coating
and a specially designed prosthetic foot that is slip-resistant on
wet surfaces. (Courtesy of Ottobock, Austin, TX.)

Figure 13

Photograph of the Moto Knee (Biodapt). This
knee is intended for use during participation in high-impact
sports. It provides the user with extension assistance and
flexion resistance, thus mimicking the action of intact
quadriceps muscles. (Courtesy of Biodapt, St. Cloud, MN.)

Figure 14

Photograph of an amputee participating in

downhill skiing without the use of a prosthetic limb. The skier
uses his sound-side leg and ski poles with outriggers.
(Copyright Penn State University, Pennsylvania, PA. Available
at http://sites.psu.edu/millerdesignblog/2013/02/04/prostheticsa-design-for-human-variability/. Accessed August 1, 2015.)

Figure 15

Photograph of the Shadow Mono-Ski Sports
Wheelchair (Sunrise Medical) with handheld guide skis.
(Copyright Science Museum UK, South Kensington, UK.
Available
at:
http://www.sciencemuseum.org.uk/online_science/explore_our_collections/objects
410448. Accessed August 1, 2015.)

Figure 16

Photograph of the Versa Foot (Biodapt). This foot
has a shock absorber that controls toe pressure and ankle
resistance. (Courtesy of Biodapt, St. Cloud, MN.)

Winter Sports
An athlete with a lower limb amputation who participates in competitive
winter sports such as downhill skiing can elect not to use an activityspecific prosthesis but can ski with his or her sound-side leg using ski
poles with outriggers (Figure 14). Alternatively, he or she can ski in a
sitting position with a sport-specific mono-ski such as the Shadow MonoSki Sports Wheelchair (Sunrise Medical) with outriggers (Figure 15).
Alternatively, systems like the Moto Knee (Figure 13), the Versa Foot
(Biodapt; Figure 16;), and the Bartlett Tendon Universal Knee (Figure 7)
allow transfemoral amputees to have resisted knee flexion beyond 60°
when in a skiing position. This additional dampening within the knee
component allows impact and shock absorption during jumping or highspeed skiing over rough terrain. A ski-specific prosthetic foot has been
developed that attaches directly to the ski, thus making a ski boot
unnecessary (Figure 17).

Figure 17

Photograph of the Ski Foot (Freedom
Innovations). This ski-specific prosthetic foot attaches directly
to the ski. (Courtesy of Freedom Innovations, Irvine, CA.)

Hybrid Recreational Prostheses
In some sporting events, such as Paralympic-level soccer, prosthesis use is
not allowed and all players use forearm crutches (Figure 18). Some sport
activities for amputee athletes do not require a sport-specific prosthesis
and may be performed using a conventional prosthesis. These include golf,
tennis, baseball, basketball, and soccer. Although specialized prostheses
are not required for these activities, certain components can be added to a
conventional prosthesis to enhance its use in recreational pursuits. When
fitting an athlete with a hybrid or a dual-function prosthesis, the treating
prosthetist should consider vertical shock absorption properties, linear
rotation, and multiaxial movements of the components in relationship to
the chosen sport. Examples of hybrid or dual-function prosthetic
components are extremely dynamic feet such as the Wave Sport foot
(Fillauer; Figure 19), the Vari-Flex XC Rotate (Össur; Figure 20), and the
Renegade AT (Freedom Innovations).
Alternatively, a combination shock damper and rotation adaptor can be
used to reduce both the torque and the shear forces that act on a residual
limb (Figure 21). This type of device allows the prosthetist to customize
the components to the needs of the individual athlete based on his or her
functional level and weight.

Figure 18

Photograph of athletes with lower limb
amputations playing soccer. In some sporting events,
prosthesis use is not allowed, and players use forearm crutches
for mobility assistance. (Courtesy of Soccernation, Lococo
Sports, San Diego, CA.)

Figure 19

Photograph of the Wave Sport foot (Fillauer). This
foot is recommended for K3-K4 users. It provides greater
energy return and faster cadence speeds than conventional
prosthetic feet. (Courtesy of Fillauer, Chattanooga, TN.)

Figure 20

Photograph of the Vari-Flex XC Rotate foot
(Össur). This foot combines energy return properties with
flexion, rotation, and good shock absorption. (Courtesy of

Össur, Reykjavik, Iceland.)

Figure 21

Photograph of the Durashock (Fillauer). This
device combines a shock damper and rotation adaptor to
reduce torque and shear forces that act on a residual limb.
(Courtesy of Fillauer, Chattanooga, TN.)

Various suspension options are available to achieve maximum joint
range of motion without compromising suspension when hybrid prostheses
are used. A secondary suspension method can be used for athletic pursuits.
For example, a vacuum suspension method can be used for daily activities
and a secondary suspension sleeve can be added for sports participation.
Because many insurance companies and healthcare organizations do not
cover the cost of activity-specific prostheses for sports, a hybrid prosthesis
may be a viable option for an active amputee who wants to participate in
sports.

Athletic Assessment and Training
Advancements in prosthetic technology should be concomitant with
improvements in the athletic performance of an athlete with a lower limb
amputation. Sport performance will be heavily influenced by the athlete’s
skills and abilities, including strength, coordination, flexibility, speed, and
endurance. To achieve optimal performance, special training and
conditioning are required.
The Comprehensive High-Level Activity Mobility Predictor
(CHAMP)28 is an instrument that allows the treating practitioner to assess
the physical ability of an athlete with a lower limb amputation and create a
record to track improvements and progression. The CHAMP consists of
the Single-Limb Stance Test to measure balance, the Edgren Side Step
Test to measure lateral speed and agility, the T-Test to measure fourdirectional agility, and the Illinois Agility Test to measure multidirectional
running speed and agility. Using such outcome measurements, a physical
training program to improve physical fitness should be developed and
incorporated during the rehabilitation process. Such a program should be
standardized but flexible enough to adapt to the individual physical
characteristics and wishes of the amputee athlete. Exercises to improve
cardiopulmonary function, muscle strength, core stability, balance,
coordination, and flexibility should be included in the program. The
activities of interest and the training intensity should be tailored to the
personal characteristics and abilities of the individual, with consideration
of the amputation level and the length of the residual limb. It is preferable
to present the amputee with a variety of sports opportunities early in the
rehabilitation process to enhance rehabilitation and recovery time.

Summary
Lower limb amputees who actively participate in sports more than an
average of two sessions per week may experience an increase in their
overall health status as well as a decrease in the psychological burden
associated with limb loss. Participation in any sport should be discussed
with the rehabilitation team or at least with the treating prosthetist and
physiotherapist.
The use of a prosthesis is not compulsory for participating in sports.
Activities such as swimming or several wheelchair sports can be fully
enjoyed without the use of a prosthesis. If a special sport’s prosthesis is

needed, the prosthetist is the best source for information and advice. Direct
cooperation among all members of the rehabilitation team will ensure that
an individual with a lower limb amputation achieves maximal benefits
from sports participation.
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Abstract
Improved prosthetic technology and rehabilitation techniques have made
useful function and independence possible for patients with bilateral lower
limb amputation. Use of the graduated length prosthetic protocol is essential
for individuals with bilateral transfemoral amputation to ensure long-term
prosthetic use. Goal setting, high expectations, and peer support also are
crucial for successful rehabilitation.
Because of enhanced stability, microprocessor-controlled knees should
be considered medically necessary for bilateral transfemoral amputees with
the ability or potential to progress beyond indoor walking on level ground.
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Introduction
Individuals with bilateral lower limb loss, along with their rehabilitation
teams, face a unique set of challenges that are much greater than those of

patients with unilateral amputation.1 Despite these challenges, recent
advances in technology and rehabilitation protocols have raised
expectations for improved functional outcomes for these individuals,
including stair navigation, hill descent, and running (Figures 1, 2, and 3).
Each patient presents differently because of his or her amputation levels,
medical history, physical capabilities, and personality traits. Bilateral
transfemoral and more proximal amputations require extensive prosthetic
management and physical therapy for the patient to regain mobility and
independent function. If the knee joint can be preserved in at least one leg,
better function and a shorter period of rehabilitation can be expected.2 The
critical elements for success are a customized treatment plan for each
patient’s specific needs and perseverance.
This chapter focuses on the specific needs of patients with bilateral
lower limb amputations, including postoperative care, identifying
candidates for prosthetic use, appropriate prosthetic management, and
effective protocols for successful rehabilitation. In addition, factors that
may affect progress, including motivation, peer support, and preparation
for prosthetic use, are reviewed. This chapter concentrates on patients with
bilateral transfemoral amputation because few differences exist in the
prosthetic management of patients who have undergone bilateral and
unilateral transtibial amputation, Syme ankle disarticulation, and partial
foot amputation. Although the number of patients with bilateral lower limb
loss is relatively small, the amount of useful information that can be used
to support an evidence-based clinical practice is increasing.3,4

Figure 1

Photograph demonstrates learning to walk down a
ramp with bilateral transfemoral prostheses. (Courtesy of
Hanger Clinic, Austin, TX.)

Causes of Bilateral Amputation
Most bilateral amputations are the result of medical complications from
diabetes and peripheral vascular disease.5,6 In such cases, the individual
may have experienced a series of lifesaving amputations, beginning with
the loss of part or all of one foot. As the disease progresses, the individual
may lose the other foot just after growing accustomed to ambulating with
one amputated limb.7 A high likelihood of contralateral amputation and
mortality exists in this population.8

Figure 2

Photograph demonstrates walking downhill using
bilateral transfemoral prostheses. (Courtesy of Hanger Clinic,
Austin, TX.)

The transition from unilateral to bilateral amputation can cause
emotional distress for the individual, but experience with a unilateral
prosthesis is a good predictor of success as a bilateral amputee.9 In the
experience of the authors of this chapter, individuals facing the loss of
their contralateral foot are best served when the second amputation is
performed at the transtibial level to reduce the likelihood that multiple
partial foot amputations will be needed; this approach allows patients to
proceed with definitive rehabilitation.
Bilateral amputations also can result from trauma, primarily warrelated blast injuries.10 Advances in battlefield medicine have saved many

lives, but survivors often have severe injuries, including multiple limb
amputations.11 Heterotopic ossification is a difficult complication that
makes prosthetic fitting challenging because of severe pain and frequent
anatomic changes to the residual limb.12 Phantom pain is also widely
reported.13

Figure 3

Photograph demonstrates running using bilateral
transfemoral prostheses without knee joints. (Courtesy of
Hanger Clinic, Austin, TX.)

Infections such as strep infections and diseases such as meningococcal
septicemia and necrotizing fasciitis also can be a cause of bilateral lower
limb loss and may be accompanied by upper limb loss. These patients can
be difficult to fit with prostheses because of characteristic challenges
related to their residual limbs. To maintain maximal residual limb length in

the face of a rapidly progressing disease, the shape of residual limbs is
often irregular because of the removal of necrotic tissue. Large areas of
skin graft and poor distal tissue coverage are common. The skin is often
fragile and prone to breakdown and ulceration, even from normal forces
generated by prosthesis use. Multiple revision procedures and prosthetic
sockets may be required (especially in children), until residual limbs are
stable.14 Very soft gel liners are effective for cushioning and protecting
poor quality skin. In spite of these challenges, patients who survive these
devastating infections and diseases can lead functional lives15 (Figure 4).

Clinical Consideration
Effective treatment of individuals with bilateral lower limb amputation
begins with a thorough physical and cognitive assessment, setting goals,
developing a plan, and frequent communication between members of the
rehabilitation team. The team should include but not be limited to
physiatrists, surgeons, physical therapists, prosthetists, social workers,
payers, and most importantly, peer support from others who have
undergone multiple lower limb loss. Goals are established by each
patient’s needs, potential, and aspirations. Their motivation and
determination to reach these goals are the primary predictors of success.

Wound Care and Early Function
Irrespective of the level of amputation, surgical wounds must be managed
with great care. Initial concerns are pain, wound healing, edema, and
protection of the residual limb. Removable rigid dressings address these
concerns and result in earlier prosthetic fitting16 (Figure 5). Removable
rigid dressings also provide patients with early experience managing a
prosthetic device and learning self-care. Elastic compression garments can
be used in conjunction with a removable rigid dressing.
Weight bearing should be restricted in patients with bilateral surgical
wounds because they cannot offload either limb to achieve partial weight
bearing. In patients with a recent amputation on one side and a functioning
prosthesis on the other, partial weight bearing can be introduced based on
the condition of the wound. If a newly performed amputation is at or distal
to the transtibial level, the patient may be permitted to kneel with
supervision during therapy. Kneeling allows the patient to assume an
upright position for stretching, balance, and overall health.

Figure 4 A, Photograph of the lower limbs of a patient with a
bilateral transtibial amputation secondary to meningococcemia.
B, Photograph of the patient fitted with prostheses. Because
the left knee is fixed at 45°, the prosthetic knee was placed
under the patient’s residual limb to improve gait and sitting
comfort. The patient is fully functional at work and in activities
of daily living despite fragile skin.

The bilateral amputee may be unprepared for the change in his or her
capabilities after the loss of the second limb. The individual’s ability to
transfer to and from a wheelchair and in and out of a car will be
substantially reduced by the loss of a sound leg previously used for
stabilization, pivoting, and balance. Physical therapy during the initial
postoperative period should focus on performing safe transfer techniques
to help maintain patient independence and prevent falls.17,18 Developing
strength and flexibility in the upper body is necessary for bilateral lower
limb amputees, irrespective of prosthetic use. Patients should be advised
that even after therapy sessions are complete, their fitness program should
continue for the rest of their lives. A daily exercise program that includes
stretching, cardiovascular endurance, core strength, and balance is a

crucial component of continued long-term success.19-21 Good health
should remain a priority at all times. It is especially important for
individuals to maintain a healthy diet and blood glucose control. A person
who is overweight will find it much more difficult to ambulate with
bilateral prostheses, and weight fluctuations can adversely affect prosthetic
socket fit. An effective weight control program should be instituted as
early as possible.

Wheelchair Selection
All bilateral amputees initially require an appropriate wheelchair after
surgery; some will need one for the rest of their lives. After becoming
proficient with their prostheses, many patients can be rehabilitated to
function without a wheelchair.22 The authors of this chapter currently care
for many strong, active patients with bilateral transfemoral amputations,
including some who are also missing arms, who are totally independent of
a wheelchair.

Figure

5

Photograph of the AmpuShield (Hanger)
postoperative protective removable rigid dressing. (Courtesy of
Hanger Clinic, Austin, TX.)

Although a wheelchair-free life may be the preferred outcome, even
individuals who achieve full-time prosthetic use may keep a wheelchair
available for nighttime use, mobility over long distances, and times when
they cannot wear their prostheses because of fitting or mechanical issues.
Individuals who lack the strength, balance, cardiac reserve, endurance, or
cognitive ability for full-time prosthetic use will need a wheelchair for
some or most of their activities of daily living.23,24 The use of motorized
wheelchairs should generally be discouraged unless necessary because
they often result in deconditioning and weight gain.
After bilateral amputation, an individual’s center of mass when seated

in a wheelchair shifts substantially. This shift is more pronounced at more
proximal levels of amputation. Such individuals should be managed with
wheelchairs that have specifically designed anti-tipping devices, with
larger wheels placed more posterior to the seat area of the chair, reducing
the potential for tipping over. The authors of this chapter have seen many
lower limb amputees with serious head and neck injuries, as well as
damage to their healing residual limbs, caused when their standard
wheelchairs tipped over backward. These severe but preventable
occurrences are common. In one study of 18 patients with amputation, 14
experienced falls from their wheelchairs.25 Patients also should be taught
early in their rehabilitation how to transfer to a wheelchair from the floor.
Although the Americans with Disabilities Act provides and enforces
standards for wheelchair accessibility in the United States, in practice,
access to certain establishments, nightclubs, or restaurants may still be
inconvenient. In such situations, lower limb prosthetics allow access to
inconvenient locations without the need for special services and attention.
In other countries, the argument for choosing prostheses over a wheelchair
is even more forceful. Many attractions worldwide are not wheelchair
accessible. Cobblestone streets make wheelchair navigation
uncomfortable, if not impossible.
Although ambulation with bilateral lower limb prostheses is
challenging, the human spirit is capable of remarkable achievements under
the most adverse conditions, and the challenges facing multiple-limb
amputees are not insurmountable. Patients respond well to high
expectations set by the rehabilitation team and other successful prosthesis
users. Recent improvements in prosthetic technology, including advanced
microprocessor knees (MPKs), allow the user to function in environments
previously considered impossible, including oceans and swimming pools.
In the future, further improvements in the capabilities of bilateral lower
limb amputees are expected as technologic advances continue. These
advances will be driven by researchers and clinicians who have an
expansive vision of patients’ potential.

Prosthetic Care
Identifying Candidates for Prostheses
Determining suitability for prosthetic use is based on a thorough
understanding of each patient’s physical condition, cardiac fitness, goals,

level of motivation, environmental conditions, and cognitive ability.26
Although bilateral prosthetic use demands higher energy expenditure than
that required for able-bodied individuals or those with a unilateral
prosthesis, every bilateral amputee should be evaluated to determine the
potential for prosthetic care.11 Prosthetic use should only be ruled out for
patients with severe nonreversible medical conditions. In others, more than
one evaluation may be indicated because a patient’s medical conditions
can change. For example, patients who are weak as a result of disease,
amputation surgery, or extended sitting because of protracted nonsurgical
treatment to preserve a diseased limb often progress with regular physical
therapy. A patient’s potential can be determined by challenging him or her
to achieve milestones for strength, flexibility, and endurance, followed by
trial fittings for preparatory prostheses if improvement is shown. The
ability to kneel in an upright position on both knees is a positive indicator
for prosthesis use among patients following bilateral transtibial
amputation. The Amputee Mobility Predictor, a 20-item assessment tool
designed to evaluate the skills required for successful prosthetic
ambulation, can be used to measure functional capabilities for young,
high-functioning individuals with bilateral amputations.4
The rate of recovery and level of independence achieved depend
largely on each individual, his or her unique physical and psychological
makeup, as well as environmental factors such as family support and living
arrangements.27 Patients generally can be classified into one of four
groups: Full-time users independent of a wheelchair (younger, healthier
individuals who are expected to progress rapidly unless there are physical
or cognitive comorbidities); mixed users, who use both prostheses and a
wheelchair (wheelchairs are used for long distances); partial users, who
have one or two prostheses for transfers or wheelchair propulsion; and
nonusers.28

Prosthesis Nonusers
In most cases, patients with irreversible medical complications,
insufficient cardiac reserves, severe weakness, or nonhealing wounds, as
well as those who lack motivation or cognitive ability, are not candidates
for prostheses.29 Some bilateral amputees immediately recognize that they
cannot benefit from prostheses. Others may be highly motivated, but have
comorbidities that preclude prosthesis use. Some may be investigating the
possibility of prostheses because of pressure and encouragement from their

families.
The team of rehabilitation professionals must deliver an honest but
often unwelcome assessment when prostheses should not be provided. In
many cases, the assessment relieves a certain amount of tension and
pressure for the patient and the family, allowing them to take a different
approach to how the patient will live his or her life. It is unethical to
mislead an unqualified prosthesis candidate by encouraging him or her to
get prostheses when there is little or no potential benefit. These patients
should be advised instead about the options for living a full life with
wheelchair-assisted mobility and safety as a priority.
There is still a great need for rehabilitation of the individual who is not
a candidate for prostheses. Conversations during the prosthesis evaluation
should be kind, encouraging, and honest. Patients who are not candidates
for a prosthesis need proper adaptive equipment and training by a physical
therapist for transfers, bathing, and toileting. A home visit from an
occupational therapist with recommendations for environmental
modifications can be beneficial to the patient. The patient should be
encouraged to think positively, plan, and pursue opportunities to enjoy life
by participating in family and community activities.

Partial Prosthesis Users
Bilateral amputees with limited physical capabilities who may not become
active walkers can derive great benefit from having a prosthesis for one or
both limbs. Prosthesis intervention will make daily tasks such as transfers,
dressing, and transportation easier and safer. Prostheses also provide
individuals more independence and options for activities in their
community. A bilateral amputee can use even one transtibial prosthesis for
propelling a wheelchair or transferring to a toilet. This can make the lifechanging difference between an individual continuing to live at home and
requiring placement in a nursing facility.30

Full-Time and Mixed Users
Motivation
A critical determinant of success for patients with bilateral lower limb
amputations is the degree of motivation and willingness to persevere
through hardship. Success does not depend on a patient’s age. For
example, the authors of this chapter treated a 91-year-old man who was

told that he was not a prosthesis candidate because of his age.
Comprehensive evaluation revealed that he was motivated, strong, and
agile enough to roll, slide, move around on the floor, and climb in and out
of his wheelchair unassisted. He subsequently did very well with
prostheses. This case underscores the importance of a thorough, unbiased
evaluation of all candidates with bilateral lower limb amputation.
Some patients simply need to find or be reminded of motivating
factors. One elderly man treated by the authors of this chapter achieved
successful use of his prostheses because of his determination to care for his
invalid wife at home; another patient was motivated by his lifelong plan to
take a trip to Alaska. Many people are inspired by the accomplishments of
others in similar circumstances; others thrive with competition. Helping
find the factors that motivate a patient and building on that inspiration is a
critical aspect of successful rehabilitation.
Sex-Based Issues
In the pursuit of prosthesis success, there is no gap between men and
women. Every individual should be encouraged to pursue his or her
ambulation goals with an equal level of commitment and hard work.
However, sex differences are evident in anatomy and toileting needs.
Prosthetic sockets need to be adjusted so the wearer can perform toileting
functions in a safe, hygienic manner without worry. At the transfemoral
and more proximal levels, prosthetic sockets for female patients should be
designed and trimmed to avoid urinary contamination. Male clinicians
should be sensitive to the fact that female patients may prefer to discuss
these issues with another woman. Fecal contamination, which can affect
both sexes, must be discussed even though it may be an uncomfortable
topic. Socket trim lines, especially for men, should not pinch or impinge
the genitals. Tight brief-style underwear with a pouch can help to lift the
genitals away from the sockets.
Balancing Support and Independence
For bilateral amputees to achieve maximal independence, family members
and the rehabilitation team need to appropriately withdraw their assistance
so that patients learn to perform many of their activities of daily living
independently. This requires sensitivity and flexibility to each patient’s
fluctuating needs and emotions. Having a prior set of agreed-on goals
provides justification when requests for help are appropriately declined.

Family and friends are naturally concerned for the patient’s welfare.
They typically want to be accommodating and often find it difficult to
identify at what point in the healing process it is appropriate to be less
helpful. Performing small physical tasks for recovering surgical patients to
spare them unnecessary effort or discomfort may be preferable during the
initial period of homecoming and convalescence. However, family
members and caregivers should be advised that continuing such services as
the patient heals and grows stronger can only increase his or her
dependence on others, decreasing the motivation to achieve an
independent lifestyle. Patients should gradually increase the number of
things they do for themselves. The ability to transfer without assistance is
especially important, as well as donning and doffing prostheses.
The following 12 suggestions were compiled for overly helpful family
members and caregivers at a recent training and support “boot camp,”
attended by more than 40 bilateral transfemoral amputees: (1) do not feel
guilty, (2) learn to say no, (3) offer positive reinforcement, (4) provide
tough love, (5) help raise goals progressively, (6) set a good example, (7)
provide more space and freedom, (8) be patient, (9) suggest more options,
(10) track progress, (11) never be satisfied with progress, and (12) build
confidence.
The rehabilitation team also should strike a balance between pushing
patients to become stronger and proficient with familiar tasks and
obstacles while not overwhelming or outpacing their capabilities to
perform and learn skills.
Psychological Considerations
Loss of any part of the body is traumatic both physically and emotionally,
irrespective of the cause or the amputation level. All healthcare
professionals and family members should be reminded never to trivialize
any amputation. Bilateral amputation can be especially difficult to deal
with because of loss of a substantial portion of the body and changes in
body image. Patients who thought the initial amputation was going to put
an end to their difficulties may find it particularly hard to face the loss of a
second leg. The more proximal the amputation, the more radical are the
changes in the body and the body image.
Peer support is helpful for most patients after they first undergo
amputation and as they progress through rehabilitation. Organizations such
as AMPOWER31 and the Amputee Coalition of America32 have online

peer support networks and extensive informational resources. Both the
receiver and the provider of peer support are benefited. Professional
counseling is indicated if an individual is having trouble adjusting to his or
her new body shape or is experiencing depression. Focusing on what
patients can do, rather than on what they no longer can do, helps them
achieve a healthy “new normal” view of their circumstances.33 Mastering
the new skills required for daily living can be empowering and may
replace a sense of loss.

Graduated Length Prosthetic Protocol
Independence and effective walking on full-length prosthetic legs are
much more likely when bilateral transfemoral amputees begin therapy on
very short prosthetic legs without knees.34 It is often difficult for patients
to accept the physical and psychological challenges of the graduated length
prosthetic protocol (GLPP). However, the ultimate success with prostheses
depends on the skills and function developed while following the protocol.
The authors of this chapter have seen many prosthetic failures in patients
who tried full-length prostheses without going through the GLPP. Without
foundational skills, many patients give up before prosthetic independence
is achieved.

Figure 6

Photograph of “stubbie” feet prostheses used with
the graduated length prosthetic protocol. (Courtesy of Hanger
Clinic, Austin, TX.)

With the GLPP, the starting prosthetic height is as low as possible,
with “stubbie” feet (small, flat, plastic oval pads with rubber soles,
approximately 4.0 inches long × 3.5 inches wide, centered on the pylon)
attached to the ends of the sockets (Figure 6). This lowers the center of
gravity and the consequences of inevitable falls.35 The short length also
allows patients to learn balance, build their core and body strength, stretch
their hip muscles, and increase their confidence at a safe height. Patients
learn how to reach over and touch the floor all around them. They learn
how to fall, how to get up from the floor, and how to use short canes and
crutches for support.
The short prostheses are fitted with proportionately small stubbie feet.
Larger pads provide more stability, but are not recommended because they
make it very difficult for the wearers to walk and they limit their
functional progression. In the experience of the authors of this chapter, the
traditional methods, which use standard prosthetic feet turned backward or
rocker-bottom platforms that extend posteriorly from the attachment point
of the pylon, give the prosthesis user too much stability. This prevents the
development of the dynamic balance needed to successfully transition to
independent use of full-length prosthetic legs. At this stage and later as a
user progresses to full-length prostheses, the authors of this chapter
generally prefer pylons without transverse torsion adapters. Fixed pylons
are more stable and weigh less; however, torsion adapters may be useful if
rotational forces in the residual limbs are not well tolerated by the user.
These distal endoskeletal components also can increase step length by
allowing additional forward pelvic rotation.
As confidence, balance, core and limb strength, and the ability to fall
safely increases, the prostheses are periodically made taller in 1-inch
increments, based on the individual’s functional progress. Prosthetic knees
that can lock for standing and walking and unlock for sitting or exiting a
car are added underneath the prosthetic sockets after the pylon length
becomes difficult to manage. Over time, as the individual learns to fall
safely, his or her confidence improves. After the fear of falling is
mastered, the likelihood of falling diminishes.36

Figure 7

Photograph of walking using bilateral transfemoral
short prostheses with a peer mentor. (Courtesy of Hanger
Clinic, Austin, TX.)

To prepare patients for definitive prostheses, adding weight to the short
devices to simulate the weight of fully functional prosthetic knees is also
helpful. GLPP pylons with locking knees weigh much less than two fully
functional knees with feet. Ankle weights can be secured to the pylons
with fabric hook-and-loop fasteners. A small amount of weight is added
each time the length is increased until the weight of the final set of
preparatory legs is the same, if not heavier, than the definitive MPKs
(approximately 3.5 lb each).
Many bilateral transfemoral amputees become disappointed when the
short-leg process is described because their full height is not immediately
restored. This is a natural reaction, reflecting one of the stages of grief felt
for the lost limbs.37 Rather than responding negatively to their anger,
clinicians should try to refocus patients’ energy toward walking and
gaining independence. Patients should be informed of the ultimate benefit
and success of this protocol. It is important to have another person who has
completed the GLPP meet with the patient to provide mentoring and
encouragement to follow the protocol (Figure 7). It is especially helpful if
the mentor demonstrates his or her ability to use both short and full-height
prostheses.
Another benefit of the GLPP is its cost effectiveness. In addition to a

high rate of success (68% of patients had success with short prostheses), it
also allows the rehabilitation team to assess patients’ abilities and potential
before more costly prosthetic components are prescribed.34
There are differing views on the length of time a patient should remain
in short prosthetic legs. Some clinicians fit a patient in short training
prostheses for several weeks and then transition quickly to full-length
prostheses for the remainder of therapy. The authors of this chapter
recommend gradual transitions based on achievement of functional
milestones rather than a predetermined amount of time. Patients should be
encouraged to become full-time users of the short prostheses, negotiating
obstacles such as stairs, ramps, curbs, and hills in all their daily activities,
as well as walking long distances before advancing to full-height
prostheses with functional knees.

Figure 8

Photograph of climbing using bilateral transfemoral
short prostheses. (Courtesy of Hanger Clinic, Austin, TX.)

Active, bilateral transfemoral prosthesis users will often find that short
prostheses with stubbie feet are the preferred option for some activities
(Figure 8). The low center of gravity and lack of articulating knees are
more efficient for activities such as snowboarding, stream fishing, water
park activities, mountain climbing, gardening, farming, and hunting. After
obtaining full height prostheses, most patients retain their short prostheses.

Hip Disarticulation With Transfemoral Amputation
Hip disarticulation amputation is most commonly a result of combatrelated injuries but occasionally occurs from a traumatic motor vehicle
crash or work injury. Patients with this combination of lower limb
amputations also benefit from the GLPP.

Transtibial Amputation
Patients with bilateral transtibial amputation may initially benefit from
prostheses that are somewhat shorter than full height, but not so short that
it is difficult to rise from a chair. As a patient gains balance and
confidence, the prostheses can be lengthened so that they are at, or close
to, the patient’s preamputation height. Some patients may ask to be taller
than they were before their amputations, but this is not recommended
because the added height makes balance more difficult and places more
force on the residual limbs.

Component Consideration
Selecting and Fitting the Definitive Knees
In recent years, there have been substantial advances in MPK technology
(Figure 9), resulting in great success for users of bilateral transfemoral
prostheses. Without a sound leg to depend on, patients with bilateral
transfemoral amputation require the highest degree of safety and energy
efficiency that only MPKs provide.38 Patients with MPKs fall less often
than those using mechanical knees.39 A patient who falls repeatedly and
loses confidence in the mechanical knees is unlikely to become an
effective prosthesis user. For bilateral amputees with the ability or
potential to progress beyond indoor walking on level ground, MPKs
should be considered medically necessary. In the experience of the authors
of this chapter, higher functioning individuals with MPKs can develop the
ability to walk confidently and independent of assistive devices on any

terrain during activities of daily living. With training and practice, users
can climb and descend stairs, walk down hills and ramps, and step off of
curbs.40,41 Under the widely used Centers for Medicare and Medicaid
Services (CMS) guidelines, assessment of a patient’s ability and future
potential determines the selection of prosthetic technology for definitive
prostheses. However, CMS policy states, “Within the functional
classification hierarchy, bilateral amputees often cannot be strictly bound
by functional level classifications.”42

Figure 9

Photograph of transfemoral prostheses with
microprocessor knees. (Courtesy of Hanger Clinic, Austin, TX.)

When selecting MPKs, several design features should be considered
that specifically benefit the bilateral prosthesis user. Microprocessorregulated hydraulic swing and stance provides consistent support when
descending hills, ramps, curbs, stairs, and during sitting. MPKs that
encourage stance flexion at heel strike provide biomechanical advantages

over previous designs because this reduces the impact on patients’ residual
limbs and lower back and can also decrease energy consumption38,43
(Figure 10). Knees with stance extension damping provide a smoother
gait.43 MPKs with several additional programmable modes for specific
functions allow the advanced bilateral user to pursue certain activities such
as driving a car and playing sports without additional adaptations. Also
preferred are remote controls that allow the user to change modes and to
fine tune the gait characteristics of the knees.
When learning to use MPKs, patients should be provided with
prostheses that are as short as possible. As patients become acclimated and
more confident, their height can be increased over time. Function should
outweigh body proportion considerations when the final height of the
definitive prosthesis is selected.

Figure 10

Photograph demonstrates stance flexion of the
right knee using bilateral transfemoral prostheses. (Courtesy of
Hanger Clinic, Austin, TX.)

Because of the complexity and ongoing advances of microprocessor
technology, it is best if patients choose a prosthetist who has experience in
fitting and programming MPKs and (when possible) working successfully
with numerous transfemoral bilateral prosthesis users. Multiple interrelated
variables, including height, weight, activity level, prosthetic alignment,
foot selection, and general health, can affect the design of the prostheses
and programming of an individual’s knees. Prosthetists must avoid
shortcuts by replicating their approach from one patient to another. An
individualized custom approach is needed for each patient.

Positioning of Prosthetic Knee Joints
When designing the prostheses, care should be taken to position the knee
joints as close as possible to the distal ends of the residual limbs. This
position makes it easier and safer for rising from a chair. However, if there
is a large difference in the length of the two limbs, or if both limbs are
extremely short, cosmetic and comfort concerns may allow placement of
one or both knees more distally from the socket. Anterior-posterior
placement of the knees relative to the sockets is based on each patient’s
need for stability and range of motion at the hips. Effective alignment
helps the patient achieve a balanced posture (Figure 11).

Figure 11

Photograph demonstrates balanced posture using
bilateral transfemoral prostheses. (Courtesy of Hanger Clinic,
Austin, TX.)

Selecting and Fitting the Definitive Feet
The authors of this chapter typically provide prosthetic feet that are one to
three sizes smaller than a patient’s previous foot size. This allows for
greater freedom of movement in tight spaces and makes forward
progression over the end of the foot easier during the toe-off phase of
ambulation. Shoe choice also should be considered. It is important to have
a heel on the shoe, even if it is relatively low. The heel allows the patient
to pivot his or her feet over steps when descending, and it can lock onto a
step during stair ascent. A soft rubber heel works better than a hard leather
heel by providing force absorption at heel strike. Specialized feet designed

for swimming activities can be attached to the distal ends of the sockets to
provide better propulsion and an enhanced cardiovascular workout in the
water (Figure 12).

Figure 12

Photograph of specialized swimming feet for
bilateral transfemoral prostheses. (Courtesy of Hanger Clinic,
Austin, TX.)

Microprocessor-controlled feet offer functions that can be incorporated
into prostheses based on the needs and goals of each individual.
Advantages include ground compliance, stability, and reduced socket

forces. One current model also provides ankle power. The drawbacks to
microprocessor-controlled feet are additional weight and limited battery
life. The capabilities of prosthetic feet and knees are expected to improve
as scientific discoveries are commercialized and new technologies are
introduced.

Socket Design
Socket design principles are the same for unilateral and bilateral prosthesis
users. However, bilateral users require greater control over their prostheses
because they cannot compensate for socket issues with increased reliance
on a sound limb. Precisely fitting and carefully contouring the sockets
around the residual limb muscles and underlying anatomy will improve
stability and help prevent socket rotation. Flexible sockets with rigid outer
frames are the standard of care and favored by most users.44 Socket design
must also take into account contact between the two prostheses. The added
support commonly achieved in a unilateral prosthesis by extending socket
trim lines more proximally for ischial containment may not be possible at
the bilateral transfemoral level because the sockets may contact, impinging
on the user’s soft tissue. Lower cut sockets can work well, as can sockets
trimmed at different heights to avoid contact between them. If one residual
limb is longer, that side can be trimmed lower. If the patient can tolerate
distal end bearing, socket trim lines can be lowered to reduce the need for
proximal support. The method of donning and doffing the prostheses also
needs to be considered when designing sockets. Anatomic changes to the
residual limbs are normal and expected, as is the need for replacement
sockets to maintain proper fit.

Suspension Options
Suspension should be selected to maximize the patient’s ability to control
the prostheses and improve proprioception. Positive suspension results in
the most effective, efficient gait and increases the user’s confidence in the
stability of the prostheses. In the clinical experience of the authors of this
chapter, direct skin fit suction suspension without the use of liners is the
preferred method for bilateral transfemoral prostheses, especially for
active users (Figure 13). Patients who present with various problems such
as invaginations, skin grafts, or heterotopic ossification require a silicone,
urethane, or other soft gel liner. These liners can be adapted for various
suspension means, including suction, elevated vacuum, straps, lanyards, or

pins. Although straps and pins provide less positive suspension and control
than direct skin suction, they may be necessary when patients cannot
manage donning a suction system. If the prostheses are being used by a
patient who does a minimal amount of walking and standing, straps or pins
may be the easiest option. With strap and pin suspension systems, socks
can also be added or removed to adjust for volume fluctuations. However,
some users find it difficult to position the pins into the locks. Suspension
considerations for patients with bilateral transtibial amputations are the
same as for unilateral prosthetic users at this amputation level.

Donning Bilateral Prostheses
A patient’s ability to don the prostheses substantially enhances his or her
independence. Patients who are missing both arms above the elbows have
learned to don liners and prostheses successfully without assistance.
However, donning prostheses can be ineffective and cumbersome without
a clear understanding and mastery of the process. A physical or
occupational therapist can teach effective donning techniques. It is
generally safer for the patient and for those around them to don prostheses
from the floor. Patients only obtain full suspension when weight is applied
through the sockets. Therefore, donning prostheses from a wheelchair can
be less effective and secure. For those who cannot get to the floor, the
prostheses should be retightened or redonned after a standing position is
attained.

Direct Suction Systems
While sitting on the floor, preferably on a carpet, the patient applies slick
donning aids (known as pull bags) onto his or her residual limbs (Figure
14, A). The patient orients the prostheses correctly and pushes the residual
limbs into the sockets, making sure that undergarments will not be drawn
into the sockets unless preferred. The pull bags are fed through the valves
on both sides (Figure 14, B). When both prosthetic legs are in place, the
individual lifts the preferred leg over the other and turns around 180° with
a relatively quick movement, raising up onto hands and knees, and then
into a kneeling position on the prostheses (Figure 14, C). Using a chair for
support if needed, the patient draws the pull bag out of one socket and then
the other, pulling the residual limbs all the way in so there is no air
remaining. The valves are inserted and locked into the sockets (Figure 14,

D). Before standing up, the patient is advised to walk on bent knees for a
few steps to allow him or her to feel if the prostheses are secure and in
place. The patient can then raise to a standing position, using the support
of a chair if needed. Standing is done by extending the stronger leg to a
straight position and then powering up with arms and upper torso onto the
other leg (Figure 14, E). After this technique is learned, the patient will be
able to power up to a standing position without much effort. When
standing, the rotational alignment of the knees should be checked to make
sure they are in the correct positions. If not, the donning process needs to
begin again.

Figure 13

Photograph demonstrates suction fit providing
secure suspension for descending stairs using bilateral
transfemoral prostheses. (Courtesy of Hanger Clinic, Austin,
TX.)

Figure 14

Photographs demonstrate donning bilateral
transfemoral prostheses with suction sockets. A, The individual
sits on the floor with pull bags and prostheses. B, The pull bags
is fed through valve holes. C, The individual rises to a kneeling
position. D, The suction valve is inserted. E, The individual
rises to standing. (Courtesy of Hanger Clinic, Austin, TX.)

Gel Suspension Systems
If a gel liner is used for suspension, the patient also begins the donning
process on the floor and follows the same procedure to rise to standing. If
a suction seal is used, lubricant is applied to the seal before donning. Some
patients benefit from a small amount of lotion around the proximal edge of
the sockets to prevent chafing.

Summary
Despite the difficult challenges faced by individuals with bilateral limb
amputation, successful functional outcomes can be achieved. By

combining appropriate technology with a positive mindset and continuous
effort, patients can attain substantial improvements in function and quality
of life. Prosthetists and the other members of the rehabilitation team have
an ongoing responsibility to these patients. The patients’ independence and
access to the world hinges on the ability to understand their needs and
develop innovative solutions for successful rehabilitation. Ongoing
research and outcomes studies are needed to advance technology and
demonstrate the value of prosthetic care.
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Chapter 54

Outcome Measures in Lower
Limb Prosthetics
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Abstract
In the pursuit of adopting the principles of an evidence-based clinical
practice, outcome measures have emerged as a vital competency for
prosthetists and the healthcare field as a whole. Some clinical outcome
measures possess ample evidence of psychometric properties and are
recommended for assessing patients with lower limb loss. It is helpful to have
a perspective on the current healthcare environment and be aware of useful
tips for incorporating outcome measures into routine clinical practice so that
patient care can be maximized.
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Introduction
Outcome measures have become increasingly important in the provision
and management of prosthetic rehabilitation and offer insight into patient
healthcare needs independent of a clinician’s preconceived bias.
Knowledge of useful outcome measures is necessary to predict patient
benefit from a prosthetic intervention, document patient improvement, and

inform clinical decision guidelines.1 Adhering to a systematic, evidencebased approach for selecting outcome measures will ensure that
appropriate measures are integrated into routine clinical practice.2 Several
patient-reported and physical performance-based outcome measures with
suggested best practices described in this chapter can help maximize the
overall value of prosthetic rehabilitation.

Outcome Measure Definition
Measurement is defined as assigning numerals to variables in situations in
which those variables may be readily observed (such as height and weight)
or difficult to quantify (such as pain).3 In assessing function, mobility,
satisfaction, and quality of life, an outcome measure is a standardized
instrument published in research that adequately quantifies a variable not
readily observed but important for assessing a clinical outcome. These
instruments may be reported by a patient or a professional or may be based
on performance;4,5 they are usually developed for the purposes of
discrimination, evaluation, or prediction.3
The International Classification of Functioning, Disability and Health
(ICF)6 provides a framework for describing health components, including
body structures and function, activities, and participation. For example, an
outcome measure that quantifies mobility is categorized under the ICF
domain of activities, whereas pain falls under the domain of body function,
and the use of a prosthesis or ambulatory aid is categorized under
environmental factors.7 An example of the ICF framework applied to
transtibial amputation8 is shown in Figure 1. Outcome measures that
address the ICF activities domain have been identified for those with lower
limb amputation.9 An understanding of the ICF framework aids in
providing context and meaning to the results of outcome measures.
Outcome measures have been classified in different ways, but
consistent terminology is important for widespread adoption. Patientreported outcome measures are questionnaires filled out by the patient that
capture personal perception about the intended variable. These outcome
measures are sometimes referred to as subjective, self-reported, patientbased, or surveys.4,5,10-13 Patient-reported outcome measures capture a
patient’s perspective or experience outside the controlled clinical
environment. In contrast, performance-based outcome measures involve an
observer measuring or rating the result of a patient performing a simulated

task in a controlled clinical environment. These are sometimes called
physical performance, physical assessment, biomechanical, or objective
measures.10,12,13 Performance-based outcome measures objectively
measure variables and have little influence from individual patient
perspectives. Professional-reported outcome measures involve a healthcare
provider filling out a questionnaire or index regarding a patient. Only a
few professional-reported outcome measures are used in prosthetic
rehabilitation (for example, the Functional Independence Measure and the
Medicare Functional Classification Level [MFCL])10; these measures will
not be reviewed in this chapter. A combination of patient-reported and
performance-based outcome measures has been recommended14 and is the
focus of this chapter.

Figure 1

Diagram demonstrates the application of the
International Classification of Functioning, Disability and Health
model to transtibial amputation. ADL = activities of daily living.
(Reproduced with permission from Geertzen JH, Rommers GM,
Dekker R: An ICF-based education programme in amputation
rehabilitation for medical residents in the Netherlands. Prosthet
Orthot Int 2011;35[3]:318-322.)

Psychometric Properties
An understanding of psychometric properties, such as the level of
measurement, reliability, validity, and responsiveness to change, is
necessary in selecting outcome measures.10 This allows distinguishing

measures that have adequate evidence for use in a specific patient
population and judging the quality of information attained from an
outcome measure.1,11,15 Reliability, validity, and responsiveness are
frequently reported in research and can be examined with statistical
methods.15 An evidence-based checklist for scrutinizing the properties of
outcome measures2 is shown in Figure 2.
The level of data an instrument provides (nominal, ordinal, interval, or
ratio) is important to consider because it defines the type of statistical
analysis methods (for example, parametric and nonparametric) that are
allowed.3 For example, ordinal data from a patient-reported outcome
measure are not continuous and the order of magnitude between each
integer is not consistent.3 Ratio data, such as time recorded to perform a
walk test, where a true-zero value is known and each integer is separated
by a fixed distance, are recommended for evaluating true change.3
Reliability describes the extent to which an outcome measure is
consistent and free from error.3 With a reliable measure, the differences
between scores are confidently attributed to real differences rather than
measurement error or noise.10,15 Reliability is evaluated based on internal
consistency, reproducibility (test-retest reliability), interrater reliability,
and intrarater reliability.15 The intraclass correlation coefficient (ICC) is
most often reported in research as evidence of reliability,2,3,15,16 whereas,
in other instances, the Cronbach alpha (α) is used as an index of
reliability.3 In general, reliability coefficients less than 0.50 are considered
poor, those between 0.51 and 0.75 are considered moderate, and those
greater than 0.75 are considered good.1
Validity describes how well an instrument measures what it intends to
assess.3,10,15 Validity can be established through criterion validity,
predictive validity, face and content validity, and construct validity.15
Criterion validity is established by comparing a measure to a gold standard
measure,3,15 and construct validity is examined by drawing relationships
with other measures (convergent and discriminant) or across diverse
patient groups (known group).15 Evidence of validity is often reported in
terms of strength of association with the Pearson product-moment
coefficient (r) for ratio data or Spearman rho (ρ) for ordinal data.3 There
are no statistical indexes for face or content validity.3
Responsiveness describes whether an outcome measure responds to or
detects a change that is clinically important,10,15 and it is relevant for
tracking clinical outcomes over time. Effect size is an index of the

responsiveness calculated by comparing the difference in the mean scores
at different times and dividing by the SD.15 Suggested thresholds for
effect size are as follows: 0.2 small, 0.5 medium, and 0.8 large.15
Ceiling and floor effects are a reflection of the content validity of an
outcome measure and can affect the responsiveness at the highest and
lowest extremes of the score or the range of detectable change beyond
which no further improvement or deterioration can be detected.2,9,15
These effects are examined by plotting the frequency of scores and
examining the shape of the distribution to determine if it is left skewed,
right skewed, or bimodal.14,17 Figure 3 depicts distribution plots for
outcome measures of balance and walking in lower limb amputees. Ceiling
and floor effects were used to select two outcome measures (the 2-minute
timed walk test [TWT] and the Functional Reach Test).17

Figure 2

Checklist for the critical appraisal of studies
reporting validity, reliability, and responsiveness of outcome

measures. (Reproduced with permission from Jerosch-Herold
C: An evidence-based approach to choosing outcome
measures: A checklist for the critical appraisal of validity,
reliability and responsiveness studies. Brit J Occ Ther
2005;68[8]:347-353.)

Two important indexes of psychometric properties are minimal
detectable change (MDC) and minimal clinically important difference
(MCID). MDC represents the smallest change that exceeds measurement
error and can be attributed to a statistically significant change.3 A more
reliable outcome measure has a smaller MDC. A commonly reported
measure is MDC with a 90% confidence interval (MDC90).14 MCID is
defined as “the smallest difference in score in the domain of interest which
patients perceive as beneficial and which would mandate, in the absence of
troublesome side effects and excessive costs, a change in the patient’s
management”.18 When the MDC and MCID of an outcome measure are
published, it allows clinicians to make confident decisions based on
changes in scores.

Figure 3

Distribution plots of scores for various outcome
measures of balance and walking in individuals with a lower
limb amputation. The frequency distributions demonstrate
shape for left skew (floor), right skew (ceiling), and bimodal
shapes. (Reproduced with permission from Gremeaux V,
Damak S, Troisgros O, et al: Selecting a test for the clinical
assessment of balance and walking capacity at the definitive
fitting state after unilateral amputation: A comparative study.
Prosthet Orthot Int 2012;36[4]:415-422.)

An outcome measure can never be assumed to be free from error, and
it can only be confidently administered for populations, settings, or
purposes if reliability, validity, and responsiveness have been
established.2,3,15 The psychometric properties of existing outcome
measures are continually researched and refined.2 An evidence-based

checklist for evaluating an outcome measure, with consideration of all of
the psychometric properties previously described, has been recommended2
(Figure 2). By scrutinizing psychometric properties, the outcome measure
with the best measurement properties can be selected for evaluating
individuals and small patient populations, and the outcome measure results
can be used to guide clinical decisions with confidence.2,14

Patient-Reported Outcome Measures
Activities-Specific Balance Confidence
The Activities-Specific Balance Confidence (ABC) scale, originally
developed to assess fall risk in elderly individuals, has been evaluated for
use with lower limb amputees.19,20 It provides ordinal level data of a
patient’s self-rated confidence that he or she will not fall in 16 situationspecific activities (0% to 100%). The instrument takes 5 minutes to
administer, and the ABC score is calculated by summing the individual
items and dividing by 16 (or the number of items answered).19-21 The
ABC scale has demonstrated excellent intrarater reliability and internal
consistency with lower limb amputees.20 It possesses face validity as a
result of its development by a panel of experts and patients,19 concurrent
validity with the 2-minute TWT and the Timed Up and Go (TUG) test,20
and construct validity to discern known groups separated by amputation
cause, mobility device use (cane, crutches, or walker), and reported
walking ability.20 Responsiveness of the ABC scale has not been
demonstrated, but potential ceiling effects have been suggested.20
The ABC scale is recommended for use in clinical practice because
individuals with lower limb amputations are known to have lower balance
confidence and a higher incidence of falls.21 Normative data are available
for various groups based on the cause of the amputation, the assistive
device used, and the ability to perform automatic stepping. Cutoff scores
for the ABC scale are reported for elderly able-bodied adults with low and
moderate mobility and those who are physically active, as well as for fall
risk in elderly individuals.22,23 Outcome measure data from the ABC scale
can be useful in clinical practice to identify patients who are likely to
experience a fall and to provide a prosthetic or physical therapy
intervention to improve their balance confidence. The ABC scale has been
used in clinical research to investigate microprocessor prosthetic knees,
bilateral transfemoral prostheses, socket suspension, and the effect of

prosthetic feet on balance.21,24-28
The ABC scale was recently revised to reduce the scoring to a fiveitem ordinal response, instead of the 0% to 100% format used in the
original measure.29 Normative data from the revised version have been
presented.30 Psychometric properties and pertinent information for the
ABC scale20,22,23,30,31 are summarized in Table 1. Further work is
needed to establish the psychometric properties of the revised ABC scale,
with easier five-item responses in the population of lower limb
amputees.29

Prosthesis Evaluation Questionnaire
The Prosthesis Evaluation Questionnaire (PEQ) is a patient-reported
outcome measure designed to evaluate the prosthesis and the prosthesisrelated quality of life.32 The original subscales covered function
(usefulness, residual limb health, appearance, and sounds), mobility
(ambulation and transfers), psychosocial factors (perceived responses,
frustration, and social burden), and a well-being scale.32 Although it was
comprehensive and informative, the entire PEQ consisted of 82 items33
and was burdensome to both the administrator and the respondent because
of the time needed for completion. Much shorter subscales of the PEQ
were designed for independent use when appropriate. For example, the
PEQ–mobility subscale (PEQ–MS) is useful in clinical practice for
assessing a patient’s perceived potential for mobility. The PEQ–MS takes
5 minutes to administer, and it initially used a visual analog scale for a
response to each item. The visual analog scale, however, presented an
administrative burden to score and was difficult for patients to understand.
For this reason, the PEQ–MS has been revised to use ordered responses
instead of the visual analog scale. The recently recommended version is
the PEQ–MS12/5, which combines the ambulation and transfers subscales,
removes one item, and reduces the response to a five-item ordered
response.33 The summary score is calculated by taking a mean of all the
items answered.32,33 The PEQ–MS12/5 has exhibited evidence of
excellent person- and item-separation reliability,33 internal consistency,33
and intrarater reliability with a reported MDC90.14 Face validity is
attributed to the extensive process used to develop the original PEQ,32 and
excellent convergent validity of the PEQ–MS12/5 was demonstrated by
correlation with the Locomotor Capabilities Index and with prosthetic
wear and use.33

The PEQ–MS12/5 is recommended for use in clinical care and
research.9,34 The PEQ–MS12/5 lists several environmental barriers (for
example, stairs, slopes, uneven terrain, and slippery surfaces) that
frequently present activity and participation limitations to lower limb
amputees. PEQ–MS12/5 results can identify these limitations and
document improvements resulting from prosthetic rehabilitation. Two
recent studies have published data for various lower limb amputee groups,
although the reported scores were the summed scores and not the mean
score of the PEQ–MS12/5.30,35 The PEQ–MS has been used frequently in
research to assess perceived mobility with microprocessor prosthetic
knees, various socket designs, and prosthetic feet.36-38 Psychometric
properties and pertinent information for the PEQ–MS12/514,30,33,35 are
summarized in Table 1.
Table 1 Patient-Reported Outcome Measures

Orthotics Prosthetics User Survey

The Orthotics Prosthetics User Survey (OPUS) was developed to assess
functional status, quality of life, and satisfaction with orthotic and
prosthetic devices.39 It consists of the following five indexes (modules) to
be administered together or separately: the lower extremity functional
scale, the upper extremity functional scale, client satisfaction with device,
client satisfaction with service, and health-related quality of life.40 This
instrument takes approximately 5 minutes to administer and is scored by
summing the score within each index.41 Evidence of the reliability of the
OPUS was demonstrated with internal consistency and test-retest
reliability with a reported MDC90.14,39 The OPUS possesses face validity
through a vigorous development process involving an expert panel and
several iterations of patient field testing.39 The developers of the OPUS
suggest that construct validity is indicated by including items in the survey
that range from easy to difficult to accomplish.39 Responsiveness of the
OPUS has not been assessed, but the updated lower extremity functional
scale index was shown to have minimal ceiling and floor effects.14,40
The OPUS is recommended for use in routine clinical practice for
continuous quality improvement, to document clinical outcomes and
patient satisfaction, and to meet practice standards for Performance
Management and Improvement.39,42 A description of potential
benchmarking processes was offered by the instrument developers,
including comparing functional gains and patient satisfaction across
multiple sites or identifying necessary corrective action for patients with
lower than expected function, satisfaction, or quality of life.39
A recent research study demonstrated the challenges and benefits of
integrating the OPUS as a clinical management tool in clinical practices.41
By analyzing the OPUS results, the authors were able to recommend
improvements to the overall quality of care by focusing on patient comfort
and skin care.41
A recent revision to the OPUS added more items to the lower
extremity functional scale, removed one item, and made a change from a
five-level ordinal response to a four-level ordinal response; the internal
consistency of the survey was maintained (Cronbach α = 0.96).40
Psychometric properties and pertinent information for the OPUS14,39 are
summarized in Table 1. At present, the OPUS has not been evaluated for
responsiveness and needs further construct validation,39 but it is currently
useful for tracking patient outcomes and satisfaction.

Other Patient-Reported Outcome Measures
Other patient-reported outcome measures are common in research and
have varying degrees of psychometric quality, including the Houghton
Scale, Locomotor Capabilities Index, and Special Interest Group in
Amputee Medicine scale.43-45 One simple and useful patient-reported
outcome measure that has initial reporting of psychometric properties is
the Socket Comfort Score.46 This numeric rating scale uses the reverse
order compared with the pain scale. A patient is asked to score the comfort
of the socket fit of his or her prosthesis on a 10-point scale, with 0
representing the most uncomfortable socket fit imaginable and 10
representing the most comfortable socket fit imaginable.46 Evidence was
found of interrater reliability between prosthetists and physicians,
criterion-related validity, and sensitivity to change with socket
modification.46 Given that a substantial amount of time is spent attaining a
well-fitting and comfortable interface between the prosthetic socket and
the residual limb, use of the Socket Comfort Score is routinely
recommended because it offers little administrative burden and can
provide valuable outcome information for prosthetic rehabilitation.

Performance-Based Outcome Measures
Timed Walk Tests
TWTs encompass a variety of performance-based outcome measures that
assess readiness to ambulate and the capacity for exercise.47,48 Initially
introduced as a 12-minute TWT, more frequently reported TWTs for lower
limb amputees are tests of 2-, 6-, and 10-minutes duration. Required
equipment includes a stop watch and a measuring tape or distance
measuring wheel. A TWT should be administered in a quiet area such as a
hallway, the patient should walk at his or her usual speed, the rater should
walk behind the patient, the patient should be allowed a warm-up period,
and rest should be permitted during the test, if needed.9,49-51 When the
test is administered in a hallway, setting up cones 7.62 m apart and
measuring the distance (to the nearest 0.10 m) from the last cone to where
the patient stops can facilitate scoring of the measure.50 The score can be
reported as distance traveled (or time to travel a fixed distance), or walking
speed (m/min) can be calculated.49
Typically viewed as a gold standard for assessing walking ability, the
6-minute TWT has been shown to differentiate amputation levels52 as well

as MFCL groups (K0–K4).47 The MFCL provides guidelines for clinicians
to categorize patients into functional levels ranging from K0 through K4
based on rehabilitation potential and ambulatory ability. Evidence of
construct validity is demonstrated by the 6-minute TWT discriminating
features among known MFCL groups. Strong evidence of convergent
validity with the TUG test also has been demonstrated.53 Evidence of the
excellent reliability of the 6-minute TWT has been established in lower
limb amputees.52-54 Average scores for the different MFCL groups have
been reported.47 In individuals with lower limb amputation, a large
amount of the variance found in the 6-minute TWT was predicted by age,
muscle strength, balance, time since amputation, cause of amputation, and
level of amputation.55 Psychometric properties and pertinent information
about the 6-minute TWT14,47,52-54 are summarized in Table 2.
A 2-minute TWT has been recommended because some patients with
lower limb amputation have difficulty walking for 6 minutes and shorter
tests have less administrator burden.47,49 However, if it is important to
assess energy cost, heart rate, and oxygen consumption, the 6-minute TWT
is preferable to allow individuals with a lower limb amputation to
reestablish homeostasis while walking.52 The 2-minute TWT has
demonstrated excellent interrater and intrarater reliability with a reported
MDC90.14,48 The 2-minute TWT was found to have adequate convergent
validity with the Houghton Scale and the physical functional scale of the
Medical Outcomes Study 36-Item Short Form.49 The 2-minute TWT was
responsive, and individuals showed an increase in walking distance after
rehabilitation.49 In recently published research, the 2-minute TWT was
found to be a major predictor of ability to walk with a prosthesis, along
with the Functional Reach Test.17 Psychometric properties and pertinent
information about the 2-minute TWT14,17,48,49 are summarized in Table
2.
Table 2 Performance-Based Outcome Measures

An even shorter TWT measures the time it takes to ambulate over a
fixed 10-m walkway, with space to speed up and slow down past the 10 m.
The convergent validity of the 10-m TWT is supported through reports of
a correlation coefficient with the Barthel Index (r = −0.29), Frenchay
Activities Index (r = −0.34), and Volpicelli Mobility Scale (r = −0.31).56
The distance of 10 m corresponds to the average width of a street
crosswalk and represents a real-world environmental barrier. In clinical
practice, the 10-m TWT can be administered by asking a patient to walk at
a self-selected walking speed and then again at his or her fastest possible
walking speed. This method assesses the capability of individuals with
lower limb amputation to vary their walking speed.
These TWTs are recommended for use in clinical practice and research
because of their ease of administration and responsiveness across different
functional abilities;51 however, day-to-day variations in performance need
to be considered.14 Historic walking speed data from a study on energy
consumption in which individuals did 5 minutes of steady state walking
can be useful for predicting walking performance and comparing results
across various amputation levels.57 This 1976 study reported amputation
levels and walking speeds as follows: transtibial dysvascular amputees (45
m/min), transfemoral dysvascular amputees (36 m/min), transtibial
traumatic amputees (71 m/min), and transfemoral traumatic amputees (52
m/min). Further work is needed to establish concurrent and predictive
validity, normative data for various lower limb amputee populations, and
the responsiveness of TWTs.9

Timed Up and Go Test
The TUG test is a performance-based outcome measure designed to assess
basic functional mobility in elderly individuals and has been used in lower
limb amputee populations.58,59 The TUG test takes 3 minutes to
administer and requires a stopwatch and a standard chair (seat height, 46
cm; arm height, 67 cm).59 The rater starts the stopwatch when he or she
says “go.” The patient rises from the chair, then walks 3 m, turns around,
returns to the chair, and sits down.59 The timing ends when the patient is
seated. The TUG test is said to represent daily function better than other
walking tests.60 The reliability of the TUG test was demonstrated with
excellent interrater and intrarater reliability, with a reported MDC90.14,59
Criterion validity has not been assessed because there is no established
gold standard for functional mobility;59 however, the TUG has been used

frequently as the gold standard to establish validity of other outcome
measures. Evidence of adequate concurrent validity was established by
examining relationships with the Groningen Activity Restriction Scale and
the physical and mental subscales of the Sickness Impact Profile and the
68-item Sickness Impact Profile.59
The TUG test has been recommended for routine clinical use and
research.9,11,34 Average TUG test times in lower limb amputees have been
studied to differentiate multiple-time fallers (those reporting two or more
falls in the past 6 months)61 and examine physical, mental, and social
factors that affect functional mobility.62 Patient age and ability to balance
on one leg were found to predict TUG test scores in 42% of amputees.62
Psychometric properties and relevant information for the TUG
test14,50,59,61-63 are summarized in Table 2.
The TUG test was revised to reduce ceiling effects by adding a 90°
turn and an additional 7 m to the walking route (called the L-Test of
Functional Mobility [L-Test or TUG-L]).51 The L-Test has evidence of
interrater reliability (intraclass correlation coefficient, 0.96), intrarater
reliability (intraclass correlation coefficient, 0.97), and concurrent validity
with the original TUG test, 10-minute TWT, ABC scale, Frenchay
Activities Index, and PEQ-MS.50 The L-Test also demonstrated
discriminant validity with differences in mean times to complete the test
for different amputation levels (transtibial, mean = 29.5 s; transfemoral,
mean = 41.7 s), amputation causes (vascular, mean = 26.4 s; traumatic,
mean = 42.0 s), and use of a walking aid (no aid, mean = 25.5 s; with aid,
mean = 43.3 s).50

Amputee Mobility Predictor
The Amputee Mobility Predictor (AMP) is a performance-based outcome
measure developed specifically for individuals with lower limb
amputations to assess functional ambulatory potential.47 It rates
performance in 21 tasks involving sitting balance, transfers, standing
balance, gait, stair ascent and descent, and use of an assistive device.11
The AMP was based on items in the Tinetti Performance-Oriented
Mobility Assessment64 and the Duke Mobility Skills Profile.65 The AMP
can be administered without a prosthesis (AMPnoPRO) or with a
prosthesis (AMPPRO). The instrument takes approximately 15 minutes to
administer and requires a stopwatch, two chairs with armrests, a 12-inch
ruler, a pencil, a 4-inch high obstacle (preferably 18 to 24 inches long),

and a stair with three steps.47 A gait belt is recommended for safety, and
the patient can choose his or her preferred assistive device.47 The AMP
has demonstrated excellent interrater and intrarater reliability and a
reported MDC90.14,47 Concurrent validity was assessed by comparing
AMPPRO and AMPnoPRO scores with the Amputee Activity Scale and
the 6-minute TWT.47 A known group method was used to establish
evidence of construct validity, with AMP scores distinguishing between
MFCL groups.47 Evidence of predictive validity exists, because the AMP
score was found to explain the variance in the 6-minute TWT.47
Normative data are included in the initial article that described the
development of the measure.47 Because this study evaluated only current
prosthesis users, it may not be generalizable to amputees who are still
recovering and undergoing rehabilitation following surgery.9 Recent
published research has further supported the construct validity of the AMP
with patients in a routine clinical practice environment,35 and another
study found the AMP to be responsive to prosthetic foot type, where
patient-reported outcome measures did not find a significant difference.66
The AMP is recommended for use in clinical practice and research.911,34,47 Several of the tasks in the AMP include environmental barriers
(such as stairs and curbs); it also tests other factors that affect prosthesisrelated health, such as balance and transfer ability. The AMP outcome
measure was developed to help predict and discriminate the MFCL.47 The
relationship of the AMP score with the MFCL and the 6-minute TWT is
strong,47 and it can be used with other patient-related factors (age,
amputation level, comorbidities, ability to balance on one leg, and manual
muscle testing) to predict the MFCL and ability to ambulate with a
prosthesis. However, the AMP developers have cautioned that no clear
cutoff scores exist, and AMP scores were overlapping when subjects were
grouped based on professional-rated MFCL.47 This shows that
classification with the MFCL assignment cannot be confidently made for
individual patients based solely on the AMP score. For improved clarity,
the mean and SD from the original study are shown in Figure 4. A good
frame of reference for conceptualizing AMP scores is to imagine that
community ambulators with prostheses are able to successfully perform
these specific tasks and attain a mean AMP score of 40.5 (SD, 3.9; range,
26 to 46).47 Psychometric properties and relevant AMP
information14,35,47 are summarized in Table 2.

Other Performance-Based Outcome Measures
Other recently reported performance-based outcome measures with
various degrees of psychometric quality include the AMP–bilateral, the
Comprehensive High-level Activity Mobility Predictor, the Berg Balance
Scale, the Functional Reach Test, the Four Square Step Test, and Single
Leg Balance Test.17,62,67-70
The 2-minute TWT, the 6-minute TWT, the TUG test, and the AMP
were all recommended to assess lower limb prosthetic rehabilitation based
on psychometric properties, such as their excellent reliability.14 The
published MDC90 values will allow clinicians to know when a true change
has been measured and make confident clinical decisions based on
outcome measure results.14

Addressing the Altered Healthcare Environment
Over the past decade, research funding and technologic advancements
have made microprocessor- and motor-controlled prosthetic knee and
ankle components and advanced socket interface materials a reality. The
potential benefit of these new prosthetic functions and structures has been
accompanied by an increase in the costs of prosthetic provision. These
advancements and increased costs have occurred at a time when economic
pressures and healthcare reform have focused on achieving more costeffective health care. Third-party payers have attempted to reduce
prosthesis-related healthcare cost through regulatory means, including
insurance policy coverage limitations and audit and recovery mechanisms
for recouping claims based on a lack of documentation supporting medical
necessity. Within this increasingly scrutinized healthcare environment,
new prosthetic technologies have been inadequately supported by
scientific evidence that demonstrates their effectiveness at improving
function and quality of life and reducing overall healthcare costs. The
burden of responsibility to “create the body of work necessary to allow the
consumer maximum access to this technology”71 has been assigned to the
providers and producers of prosthetic devices.
The adoption of outcome measures into routine clinical practice has
been hindered by both the reluctance of prosthetists to embrace the use of
such measures and limitations associated with the outcome measure
instruments. These limitations include the lack of agreement on which
outcome measure to use and when to use it, the lack of measure validation

for prosthetic populations, the lack of evidence supporting measure
responsiveness, the lack of normative data, and the administrator burden
resulting from the time and expense of using outcome measures.9,11,34,72
A recent study found that most prosthetists were not routine users of
outcome measures, but that training increased use in clinical practice.73 To
overcome barriers to adoption, prosthetists need to understand how to
present and use the results of outcome measures and recognize that using
these measures has the potential to improve patient care.10,15

Figure 4

Bar graph of Amputee Mobility Predictor with a
prosthesis (AMPPRO) performance measure showing mean
scores and error bars representing 1 SD for patients with K0–
K1 through K4 Medicare Functional Classification levels.
(Reproduced with permission from: Gailey RS, Roach KE,
Applegate EB, et al: The amputee mobility predictor: An
instrument to assess determinants of the lower-limb amputee’s
ability to ambulate. Arch Phys Med Rehabil 2002;83[5]:613627.)

The healthcare field as a whole has begun to use outcome measures to
manage the quality of healthcare delivery.74 This environment has created
a demand for useful outcome measures for lower limb prosthetics for a
variety of reasons, including the facilitation of evidence-based clinical
practice, which requires published evidence of relevant clinical outcomes
for use in clinical decision making.75 A new research funding
organization, the Patient Centric Outcome Research Institute, was created
specifically to support outcomes research. This organization promotes
evidence-based research of healthcare outcomes to allow people to make

informed healthcare decisions.76 Along with these trends in health care,
the field of prosthetics has embraced outcome measurement as a
professional competency by including it in orthotic and prosthetic master
level curricula, providing continuing education topics, holding State of the
Science Conferences on outcome measures, and requiring satisfaction
surveys and measures of the outcomes of services as components of
performance management and improvement in the accreditation
process.10,42
Implementation of evidence-based clinical practice in the field of
prosthetics has been limited because clinical decisions were historically
based on experience, anecdote, or preference.11,12 At the level of the
individual patient, outcome measures have been suggested for use in
improving evaluation, measuring treatment effects, estimating prognosis,
targeting functional needs, and selecting appropriate prosthetic
components.4,12,51,60,74 For the individual practitioner, the routine use of
outcome measures reinforces ethical practice, increases professional
accountability, and facilitates a more informed clinical decision based on
more objective information of a patient’s current condition.9,11,60,72 In the
field of prosthetics, the systematic adoption of outcome measures would
help support the creation of treatment guidelines, demonstrate the
effectiveness of prosthetic interventions, be a tool for investigating costeffectiveness, and improve the quality of prosthetic care.4,11,51,74,77,78
In the past, the competencies of a prosthetist were based on the
creation of an acceptable user interface, alignment of components to
facilitate balanced gait, and education and training for use of the
prosthesis. Recently, documenting the medical necessity of a treatment
plan has emerged as another vital competency for prosthetists to secure
patient access to technology.

Maximizing Care
With a working knowledge of psychometric properties and recommended
instruments for assessing lower limb prosthetic rehabilitation, some best
practices will help the integration of outcome measures into routine
clinical care and utilization of results. Patient-reported outcome measures
have the lowest administrator burden and are easily incorporated into
electronic forms or via mailed correspondence with the patient. It is
recommended that printed forms are ready to administer when a patient

arrives for his or her appointment. This allows the clinician to review the
responses with the patient during the appointment and thus acts as a type
of structured interview regarding the patient’s experience with the
prosthesis. In addition, the importance of the patient’s honest and accurate
reporting of outcomes is emphasized by devoting appointment time to the
discussion of results. Too many questionnaires can lead to respondent
burden, and results may not be representative of the patient’s actual
experiences. It is also important to remember that patient-reported
outcome measures represent the patient’s unique perspective and may
differ from those of other patients and the reviewing clinician.
The clinician may require initial training to attain competency in
evaluating performance-based outcome measures. Practicing with a
colleague and being the subject of the measure helps a clinician to become
more comfortable and understand the perspective of a patient. The
performance-based outcome measures described in this chapter require
little equipment, but it is recommended that the materials be assembled
and kept together until needed. For any TWT, it is helpful to have a
marked runway of known distance in the clinic. When assessing patients
outside of the clinic (for example, the patient’s home or a hospital room),
setting up for the outcome measure may be difficult. Creative tips, such as
using a standard clipboard that approximates 12 inches for a reach test,
estimating distance by counting floor tiles, or using a glove box as an
obstacle for the AMP outcome measure, can be helpful. Any deviation
from the outcome measure instructions is typically discouraged; however,
if a change is needed and used, it should be documented and remain
consistent throughout that patient’s care. The results of a performancebased outcome measure may fluctuate daily and can be influenced by a
patient’s level of effort. Providing consistent instructions and reminding
the patient that he or she is expected to perform the task either as fast as
possible or at his or her normal speed can be helpful. Patients should be
asked to refrain from talking during a test, because conversation is a
potential source of variance. Administering an outcome measure multiple
times and determining a mean value can improve the accuracy of results in
shorter instruments such as the TUG test and 10-minute TWT.
Recent attention has been given to providing objective evidence to
guide the assignment of the MFCL K-level. A key task of the prosthetic
rehabilitation team is predicting the potential outcome of patients after an
amputation and providing continual justification of the MFCL status of

prosthetic users. The MFCL is categorized as a professional-reported
outcome measure and mobility grade, but it has not been evaluated for
measure properties to support reliability, validity, or responsiveness in
lower limb amputees.10 The subjective nature of professional-rated
outcome measures, and particularly the assignment of an MFCL, are
frequently cited limitations.5,10,35,51 The MFCL and other indexes (for
example, the Patient Assessment Validation Evaluation Test) have been
adopted by payer sources for defining medical policy and coverage
determinations, although no evidence supporting their psychometric
properties has been established. In contrast, the standardized outcome
measures described in this chapter have demonstrated potential for
predicting patient outcomes with prosthetic technology. For example,
single-limb standing balance can be used to predict prosthetic candidacy
(that is, K0 versus K1–K4), and AMPnoPRO is capable of predicting
walking performance after a patient receives a prosthesis.47,60,62
If outcome measures are integrated into clinical practice and
consistently documented across large patient populations, the aggregated
data will be valuable for benchmarking, continuous quality improvement
and improving clinical processes. In addition, integration and
documentation will facilitate research studies with large sample sizes
through pragmatic clinical trials and retrospective chart reviews.

Summary
Many of the patient-reported and performance-based outcome measures
reviewed in this chapter have ample evidence of psychometric properties
and are recommended for assessing patients with lower limb loss. The
information on psychometric properties and the evidence-based checklist
can be used for evaluating and selecting other outcome measures for
integration into clinical care. The current healthcare environment demands
—and useful outcome measures allow—healthcare professionals to
measure important aspects of prosthetic rehabilitation and provide results
to guide clinical decision making. By raising the level of clinical outcome
data collected for clinical decisions and research evidence, routine use of
proven outcome measures can improve efforts to balance the healthcare
cost-effectiveness equation.
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Abstract
Chronic pain after amputation continues to be a substantial problem for both
patients and providers. Because of the heterogeneous nature of pain and
various sources of nociception, proper management often is challenging.
Clinicians must place high priority on identifying and aggressively treating
pain to not only improve patient comfort but also allow active participation
in rehabilitation. Although a multitude of pharmacologic and
nonpharmacologic treatments exists, evidence supporting their clinical
effectiveness is limited. Therefore, providers should have an understanding
of the pathophysiology of pain to best target interventional strategies.
Although the goal in managing chronic pain is to reduce pain intensity and
frequency, providers also must be aware of the functional effect that pain
may have on an individual’s societal participation and quality of life.
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Introduction
Managing pain after amputation often is challenging. Aggressive pain

control starts in the perioperative phase and remains a vital part of
treatment throughout all phases of recovery after limb loss. The two most
recognized categories of pain after amputation are residual limb pain and
phantom limb pain. Although these pain syndromes often coexist, they
likely have very different pathophysiologies and therefore warrant
different treatment strategies. Further complicating pain management
strategies are the various phenotypes of pain that exist. Ideally, pain
treatment algorithms should be tailored for each individual patient. Often,
the pain from the amputation can limit or slow rehabilitation more than the
disability from the amputation itself. Although the exact pathophysiology
of pain has not been fully discerned, three theories or models (the gate
control theory of pain, the neuromatrix theory of pain, and the
biopsychosocial model of chronic pain) provide some insight on how the
nervous system and environmental factors modulate the experience of
pain.1,2
This chapter discusses several aspects of postamputation pain,
including definitions, basic epidemiology, pathophysiology, and the
various treatment options, including both pharmacologic and
nonpharmacologic strategies. The available literature on current treatments
is reviewed and strategies are proposed for optimizing effective long-term
pain management.

Definitions
The International Association for the Study of Pain defines chronic pain as
pain persisting for more than 3 months.3 Postamputation pain can be
broadly categorized into two categories: residual limb pain and phantom
limb pain. Most individuals experience pain in their residual limb after
limb loss. Pain, particularly postoperative pain, primarily arises from the
inflammatory process that occurs after surgical or traumatic tissue damage.
The onset of postoperative residual limb pain is typically immediate and
often described as a sharp, pressure-like sensation that is well localized to
the distal portion of the residual limb.4
Immediately after a limb loss, an individual often continues to feel
persistent sensation of a lost body part in the form of touch, pressure,
tingling, cold sensation, itching, and motion. This phenomenon is known
as phantom sensation. When this abnormal sensation becomes unpleasant,
it can lead to phantom limb pain, a term first well described during the US

Civil War.5 Some of the more common descriptions of phantom limb pain
are as follows: burning; squeezing; knife pressing; and electric, shock-like
sensations. The frequency and the intensity of phantom limb pain often
varies and tends to occur spontaneously. Most phantom limb pain occurs
within 8 days after a limb loss, but it may manifest many years after an
amputation. Although phantom limb pain typically dissipates in the long
term, for some patients the symptoms can be long-standing and have
negative consequences on social participation and quality of life. Another
term often used when describing phantom limb sensation and pain is
“telescoping,” which refers to a patient’s sensation that his or her missing
limb is moving either more proximal or distal than its preamputation
anatomic location. It also is common for the location of phantom limb pain
to change from affecting an entire limb to just the distal representation of
the missing limb.4

Epidemiology
In the United States, more than 1.7 million individuals were estimated to
be living with limb loss in 2010. This number is projected to increase to
3.6 million by the year 2050. Dysvascular disease (55%) is the most
common cause of amputation, followed by trauma (45%), cancer (<1%),
and congenital anomalies (<1%). In the United States, approximately
150,000 surgical amputations are performed annually, mostly for
dysvascular disease.6
Although previous reports indicate a relatively low prevalence of
postamputation pain (in the range of 5% to 10%), more recent surveys
indicate that the problem may be much greater. At least one report
indicates that of the people with amputations who were surveyed, the
prevalence of phantom limb pain ranges from 43% to 80%, and residual
limb pain ranges from 43% to 68%.7 Surveys also indicate that for more
than 50% of patients who experience phantom limb pain, their frequency
of painful attacks decreases within the first 6 months after amputation. In
addition to being discomforting and distressing, phantom limb pain also
has a negative effect on quality of life. More than 25% of those with
postamputation pain who were surveyed reported that their pain was
extremely bothersome, and 85% of these individuals indicated
consequential social isolation and an inability to seek and maintain
employment.8,9

Preexisting pain and poor coping skills may be risk factors for the
development of phantom limb pain, particularly for patients with lower
limb loss associated with peripheral vascular disease.10 In some studies,
more than 50% of individuals with limb loss express symptoms of
depression, which likely has a high correlation with pain intensity.11 The
presence of pain for more than 1 month before amputation has been
reported to be associated with an increased incidence of postamputation
pain.12 Hence, it is important to recognize and aggressively treat the
patient with preemptive analgesia as well as address signs and symptoms
of comorbid depression and anxiety.

Mechanism of Pain
Two broad categories of pain often used to describe postamputation pain
are nociceptive and neuropathic. The nociceptive pathway often is thought
to mediate residual limb pain, whereas a neuropathic phenomenon is
thought to more likely mediate phantom limb pain. Understanding the
differences between each pain pathway can be helpful in targeting
treatment.
Nociceptive pain is thought to initiate peripherally, typically at the site
of tissue or organ damage. Most theories implicate an initial inflammatory
cascade, where various sensitizing chemicals—such as bradykinin,
serotonin, nitric oxide, and cytokines—are released locally and activate
peripheral pain receptors (nociceptors). Once these nociceptors are
activated either mechanically or chemically, they generate an electric
potential at the distal nerve terminal. If this electric potential exceeds the
axon’s threshold potential (which often is sensitized or lowered after
injury), a resulting action potential then propagates afferently to the dorsal
root ganglion and the central nervous system (CNS). After reaching the
brain, activation of the somatosensory and limbic systems creates a
summative response, causing the patient to experience pain. These basic
sequences of pain transmission are referred to as transduction, conduction,
transmission, and perception.13
In addition to the local inflammatory effect of tissue damage after
amputation, the distal ends of transected nerves begin sprouting in a
disorganized pattern, forming neuromas, which also may be painful.
Neuromas can generate afferent nociceptive action potentials either
ectopically or when mechanically irritated. Common sources of

mechanical irritation include soft-tissue scarring, inflammation,
heterotopic bone formation, or direct pressure from prosthetic sockets.
Chronic peripheral nerve firing from neuromas, tissue damage, or
inflammation may cause upregulation and sensitization of CNS neurons,
contributing to enhanced nociceptive signal transmissions in the spinal
cord and the brain. In the face of sustained chronic pain, a persistent,
abnormal, unpleasant sensory stimulus leads to peripheral and central
sensitization.14 The term allodynia describes the phenomenon when
nonpainful peripheral limb stimulation leads to perceived pain and is
frequently associated with neuropathic pain. Other features of neuropathic
pain may be paresthesias (ectopic sensations in the limb, typically
described as pins and needles) or dysesthesias (ectopic painful sensations
in the limb, such as burning and lancinating, knife-like, stabbing pain).
Neuropathic pain often is challenging to treat.
Historically, phantom limb pain was considered a psychological
disorder; however, current theories classify the phenomenon as a
neuropathic process, with likely involvement at the peripheral, spinal, and
supraspinal levels. Some of the proposed theories of phantom limb pain
provide potential targets for treatment (Figure 1).
After an injury, the peripheral nervous system, the dorsal root
ganglion, and the sympathetic nervous system undergo changes at the
cellular level. An increase in the number of transmitters and receptors
results in increased sensitivity to pain. These changes affect both
ascending and descending pathways within the spinal cord, where the
decreased firing of inhibitory interneurons leads to hyperexcitability of
painful signals. In addition, downregulation of opioid receptors causes
even further excitability of nociceptive signals. Facilitation of N-methyl-Daspartate (NMDA) receptors at the dorsal horn leads to a wind-up
phenomenon and reinforces ectopic activity by A delta and C fibers, which
usually carry nociceptive signals, as well as A beta fibers, although these
fibers typically are not involved in nociception.14

Figure 1

Schematic diagram of the areas involved in the
generation of phantom limb pain and the primary peripheral and
central mechanisms. The peripheral areas include the residual
limb and the dorsal root ganglion, and the central areas include
the spinal cord and supraspinal centers, such as the brain
stem, the thalamus, the cortex, and the limbic system. The
proposed mechanisms associated with phantom pain are listed
for the peripheral and central nervous systems.

Changes at the cellular level eventually lead to cortical reorganization.
Based on the understanding of cortical homunculus and its
disproportionate representation of body regions, Ramachandran et al15
demonstrated that referred sensation of phantom limb pain could be
induced when stimuli were applied to the lower part of the face of a person
with an upper limb amputation. This phenomenon is likely explained by
maladaptive CNS plasticity, where the part of the sensory cortex that was
previously mapped to the now amputated limb begins receiving input from
other adjacent cortical areas, thereby expanding the receptive field of a
missing body part. Reorganization takes place in multiple aspects of the
CNS, including the brain stem, the thalamus, the prefrontal cortex, the
primary sensory cortex, the motor cortex, the insula, the anterior cingulate
cortex, and the parietal cortex. Even in the absence of a limb after
amputation, the proprioceptive system still remembers the limb position
and creates a proprioceptive memory bank. The resulting disconnect
between previous proprioceptive memory and current visual sense makes
the patient feel the continued existence of a missing limb.16 Therefore, the
various areas of the brain that are involved in the development of phantom
limb pain suggest a complex interplay of visual, sensory, motor, and
affective feedback. Further evidence of these pathophysiologic changes is

supported through functional MRI (fMRI) studies, which demonstrate
reorganization, expansion, and, in certain parts of the brain, even shrinkage
in the setting of chronic pain.17 Fortunately, evidence exists to suggest that
these CNS changes are not necessarily permanent. In certain chronic pain
conditions such as fibromyalgia, adequate pain control can reverse the
CNS changes seen on fMRI.18

Assessment
When assessing individuals with postamputation pain, obtaining a
complete history and a thorough physical examination continue to be
fundamental in establishing an accurate diagnosis and treatment strategy.
Special attention should be focused on assessing a patient’s functional
status and prosthetic use. A careful examination of the residual limb may
reveal common problems, such as skin irritation or breakdown, cyst
formation, bursitis, neuromas, heterotopic bone, or myodesis failure.
Assessing both prosthetic socket fit and alignment may reveal potential
sources of abnormal gait and posture that are causing secondary
musculoskeletal pain.19 Underlying joint pathology should be assessed
within the residual limb. Furthermore, clinicians should be reminded that
pain from proximal joints or even root injuries may be referred into the
distal residual limb. Imaging studies of the residual limb or the spine may
help further refine diagnoses. Similarly, laboratory testing should be
considered to screen for underlying infection or inflammatory processes.

Figure 2

Illustration of the supplemental questions for the
Defense and Veterans Pain Rating Scale. (Courtesy of the
Defense and Veterans Center for Integrative Pain
Management, Rockville, MD.)

Screening questionnaires and pain scales, such as the Oswestry Low
Back Pain Disability Questionnaire, the McGill Pain Questionnaire, and
the Brief Pain Inventory, can help better categorize the quality of pain and
functional level. Relying on standard numerical scale assessments of pain,
such as the visual analog scale, may have limited clinical value; thus, it
also is important to incorporate function-related questions. Some of these
questionnaires can be time consuming and may not be practical for use in a
busy clinical environment. A recently validated scale, the Defense and
Veterans Pain Rating Scale (DVPRS), has a single numerical pain
intensity scale plus four supplemental questions to assess sleep, mood,
stress, and activity. The main goal of the DVPRS is to provide a simple
and quick data-gathering tool to assess how pain affects a patient’s
function and quality of life20 (Figure 2).

Treatment
Although multiple treatment strategies exist to target the various

mechanisms of pain, no single modality is sufficient to treat the
heterogeneity and individualized expressions of pain. Strategies to treat
postamputation pain include a variety of pharmacologic,
nonpharmacologic, and interventional techniques (Figure 3).
Adequate pain management begins with preemptive analgesia.
Whenever possible, optimal treatment of postamputation pain should start
even before the planned surgery. Existing limb pain before amputation
substantially increases the incidence of both residual and phantom limb
pain, which emphasizes the importance of aggressive preemptive
analgesia.21 The most commonly used and studied method of preemptive
analgesia uses various regional anesthetic techniques. Peripheral nerve and
epidural catheters have been used for optimal anesthesia and postoperative
pain management and have been proven to be effective even with
devastating and complex traumatic injuries, such as those sustained by
wounded service members. Although regional anesthesia offers greater
cardiopulmonary hemodynamic stability compared with general
anesthesia, risks include local anesthetic toxicity and the potential for
peripheral or central nerve injury.22 These risks may be decreased by
improved techniques, such as real-time ultrasonography-guided placement
of nerve catheters and readily available intralipid (a reversal agent for local
anesthetic toxicity).23 Therefore, when considering the risk-benefit ratio
during the crucial moments after an injury, especially for patients with
complex trauma and multiple medical comorbidities, the favorable profile
of regional anesthetic should not be ignored.
The use of local anesthesia by means of either a single injection or
continuous infusion during the perioperative period may potentially block
the onset of central sensitization and thereby prevent cortical
reorganization and the subsequent conversion of pain from acute to
chronic. Several review articles, including a Cochrane systematic review,
have looked at the evidence for using preemptive analgesia to prevent
phantom limb pain. Although numerous studies have been performed, a
quality randomized controlled trial (RCT) does not yet exist.24-27 Among
the studies that have demonstrated the effectiveness of regional anesthesia,
the incidence of phantom limb pain at 12 months ranged from 0% to 8%
after the patient received perioperative epidural analgesia; in comparison,
the incidence of development of phantom limb pain in the control group
ranged from 27% to 73%.28 Similar study outcomes in favor of using
peripheral nerve catheters with continuous infusion during the

postoperative period exist.29,30 Although these findings are impressive,
several other studies have conflicting results, reporting no benefit in using
epidural or peripheral nerve analgesia to prevent postamputation pain.31-33
Other pharmacologic agents, such as ketamine, calcitonin, and gabapentin,
and nonpharmacologic methods, such as transcutaneous electrical nerve
stimulation (TENS), show mixed effectiveness as preemptive analgesia.
Therefore, more comprehensive RCTs are needed to support their clinical
use.25,34,35

Figure 3

Illustration of the treatment modalities for
postamputation pain. NMDA = N-methyl-D-aspartate.

Pharmacologic Therapies
The most commonly used medications to treat residual and phantom limb
pain include opioids, NSAIDs, antidepressants, and anticonvulsants.
Although understanding of the mechanism of analgesia and the
pathophysiology of nociception has substantially improved, there has not
been a corresponding increase in novel drugs introduced in the market.36
In fact, during the past half century, the number of novel medication
classes that have been translated into clinical use beyond the traditional
classes has been sparse. Two examples of novel medications include
NMDA receptor antagonists and transient receptor potential cation channel
subfamily V member 1 receptor blocker, otherwise known as capsaicin.
A Cochrane database review on pharmacologic interventions for

phantom limb pain reported that only 13 of 583 existing studies were of
good quality.37 In that report, most of the studied medications fell within
the following medication classes: NMDA receptor antagonists, opioids,
anticonvulsants, antidepressants, calcitonin, and local anesthetics. Various
other reviews also support the use of these medication classes.24,26,38
Among classifications of medications to treat phantom limb pain,
NMDA receptor antagonists have been the most widely studied. NMDA
receptor antagonists work by blocking the wind-up phenomenon within the
dorsal hotrn, preventing ectopic discharges and central sensitization. A
study using 120 to 180 mg/d of dextromethorphan showed a 50%
reduction in chronic phantom limb pain compared with a placebo group.39
An intravenous dose of 0.4 to 0.5 mg/kg ketamine over a period of 45
minutes to 1 hour also has been shown to be effective in reducing phantom
limb pain.33,40 However, multiple studies looking at the use of up to 30
mg/d of memantine did not yield any benefits.41,42 The adverse side
effects of ketamine include visual hallucinations, and its long-term use can
induce liver injury.43
Anticonvulsants are commonly used to manage a variety of
neuropathic pain conditions and therefore are frequently used for both
phantom limb pain and neuropathic residual limb pain. Studies reveal that
gabapentin and its cousin pregabalin bind to the α2δ-1 subunit of a
voltage-gated calcium channel. A recent study sheds some light on the role
of the α2δ-1 receptor.44 By binding to the α2δ-1 receptor, gabapentin
prevents the binding of thrombospondin, a key ingredient in the formation
of nerve synapses. This loss of binding of thrombospondin to the α2δ-1
receptor leads to a reduction in CNS synaptogenesis and may partly
explain how the gabapentinoid class works in treating pain. Two RCTs
looking at the effect of taking gabapentin (up to 2,400 to 3,200 mg/d for 6
weeks) show conflicting results. However, when the results are pooled in a
systematic review, the combined results favor the role of gabapentin in
reducing phantom limb pain. The adverse effects of gabapentin include
sedation, edema, and weight gain.45,46 Other anticonvulsants, such as
topiramate (up to 800 mg/d) have been shown to substantially reduce
phantom limb pain in a small number of case series.47
Among various antidepressant medications, amitriptyline is the best
studied. Amitriptyline is thought to inhibit serotonin and norepinephrine
reuptake and lead to enhancement of descending inhibitory pathways. An
RCT by Robinson et al48 showed that a 6-week trial of amitriptyline

titrated up to 125 mg/d did not result in a significant reduction of phantom
limb pain compared with a placebo. In contrast, a second RCT by WilderSmith et al,49 using an average dose of 56 mg/d of amitriptyline for 1
month, showed a significant reduction in both residual and phantom limb
pain compared with a placebo. The anticholinergic property of this
medication causes three common adverse side effects: dry mouth, urinary
retention, and sedation. In addition, weight gain is a common complaint.
Arendt-Nielsen et al50 found calcitonin to be useful as an adjunct
therapy for various conditions, including phantom limb pain. Although the
exact mechanism of its analgesic action is not clear, calcitonin is
hypothesized to exert an effect on descending inhibitory pathways within
the CNS. Mixed results supporting the use of calcitonin for phantom limb
pain have been demonstrated in RCTs. A study by Eichenberger et al40
involved patients with a median duration of phantom limb pain of
approximately 11 years. The treatment group noted no improvement in
phantom limb pain after an infusion of calcitonin. Jaeger and Maier51
studied patients in whom phantom limb pain developed within the first
week after an amputation. A single infusion of 200 IU of calcitonin was
given to the study group. In more than half of the patients, a reduction in
phantom limb pain occurred and was sustained at the 1-year mark. The
common adverse side effects of using calcitonin included nausea and
flushing.
Opioids are clearly the most studied form of analgesia. Morphine is a
prototypical opioid derived from opium, binds to a micro-opioid receptor,
and has an inhibitory effect on the descending pain signal pathway.
Several RCTs have shown benefit with both oral and intravenous forms of
morphine in reducing postamputation pain.52-54 In one RCT, three
sessions of daily morphine administration at 0.05 mg/kg bolus followed by
0.2 mg/kg intravenous infusion in a 40-minute period resulted in
substantial short-term reductions in both chronic residual and phantom
limb pain.52 The control group receiving intravenous lidocaine at 1 mg/kg
bolus followed by 4 mg/kg infusion in a 40-minute period saw a reduction
in only residual limb pain. In another study, individuals who used oral
morphine (average dose of 112 mg/d) showed a marked reduction in pain
(>50%) during an 8-week trial period. The control group, receiving oral
mexiletine, showed no improvement in residual and phantom limb pain.53
A major limitation of both studies was the brief duration of follow-up.
Another RCT looked at the effectiveness of a long-acting morphine.

Doses between 70 and 300 mg/d were used with reduction in pain, and the
effect remained at 6- and 12-month follow-up.54 Tramadol is a unique
medication; it acts as a weak opioid and also inhibits the reuptake of both
serotonin and norepinephrine. Until recently (2014), tramadol was not
categorized as a controlled substance, which led to widespread use. A
study by Wilder-Smith et al49 showed that therapy with a mean tramadol
dose of 448 mg/d for 1 month resulted in relief of both residual and
phantom limb pain.
When prescribing opioids, it is important to keep in mind the
complications that may arise from prolonged use. The long-term use of
opioids can lead to osteoporosis, the suppression of endocrine function, the
development of opioid-induced hyperalgesia, constipation, and sleep
disturbance.55 In addition, a physical or psychological dependence on
opioids may develop. A physical addiction is characterized by the presence
of withdrawal symptoms when abruptly stopping a medication. Therefore,
opioid doses should be gradually lowered before discontinuation. A
psychological addiction is characterized by a patient taking an opioid for
something other than pain relief. The misuse of opioids may involve taking
more than the prescribed dose or diverting (sharing or selling) medications
to others. The use of a risk evaluation and mitigation strategy can help
ameliorate these problems. Such programs involve using questionnaires to
assess patterns of use, periodically updating opioid informed consents,
counting pills, performing urine drug screens, and being aware of state
drug databases.
When prescribing several different medications, it is important to be
aware of the effects of polypharmacy. It is common to use multiple
medications when trying to treat chronic pain. Life-threatening
complications, such as serotonin syndrome and Q-T prolongation, can
occur with the use of certain antidepressants and opioids.55 The
involvement of a clinical pharmacologist to help manage patients with
chronic pain can be a great asset because he or she can assist with
counseling patients and monitoring the proper use of medications.
It is important to remember that the lack of quality evidence does not
necessarily preclude the use of certain classes of medications.
Nevertheless, studies with more robust evidence will help better guide
clinical decision-making processes. In clinical practice, many of the
medications listed previously and those in similar classes will continue to
be used to manage chronic amputation pain.

Complementary and Alternative Medicine Therapies
Considering the number of adverse reactions associated with many
pharmacologic treatments of postamputation pain, it is not surprising that
many patients and providers explore the use of nonpharmacologic
interventions. The advantage of using a variety of complementary and
alternative medicine (CAM) therapies to treat pain is that they tend to be
relatively simple, with minimal risk involved, compared with
pharmacologic or invasive procedures. Many case reports and uncontrolled
studies suggest the beneficial effects of modalities such as acupuncture,
biofeedback, guided imagery, yoga, tai chi, relaxation therapy, and
transcranial magnetic stimulation. Unfortunately, the quality of evidence
that favors the use of these strategies is still lacking.7,56,57 The TENS
technique is widely used to treat a variety of musculoskeletal conditions
and has been studied in patients with postamputation pain as well. A
Cochrane review on TENS use with residual and phantom limb pain shows
that although there are no RCTs available, studies suggest a positive trend
toward a reduction of postamputation pain.58
Among the various CAM therapies, mirror therapy has probably
gained the most attention. In their 1992 study, Ramachandran et al15 first
introduced the idea of using mirror therapy to treat phantom limb pain.
Mirror therapy involves placing a mirror next to the intact limb to create a
visual mimic of a limb where the amputated limb would have been
(Figure 4). Exercises involving the movement of the intact limb and
visualizing this in the mirror are theorized to reverse a disconnect between
visual and proprioceptive feedback of an amputated limb. An fMRI study
by Foell et al59 showed that mirror therapy could reverse the maladaptive
cortical organization within the primary somatosensory cortex and
decrease the level of activity within the inferior parietal cortex. The study
by Foell et al59 also showed that those patients with less telescoping of the
phantom limb were predicted to benefit more from mirror therapy. An
RCT by Chan et al60 showed that after 4 weeks of mirror therapy, all the
patients in the mirror therapy group reported a reduction in pain, with a
mean decrease of 24 mm on the visual analog scale, whereas the control
group failed to show any improvement. A subsequent crossover of the
patients showed that a similar level of benefit with mirror therapy was
maintained. The results from a small case series suggest that mirror
therapy also may play a role in the preemptive treatment of phantom limb
pain.34

Figure 4

A, Clinical photograph of a patient with a right
transtibial amputation participating in mirror therapy. B, Clinical
photograph of the same patient showing the effect of mirror
therapy for the treatment of phantom limb pain. (Reproduced
with permission from Malchow R, King K, Chan B, Weeks S,
Tsao J: Pain management among soldiers with amputations, in
Pasquina PF, Cooper RA: Textbook of Military Medicine: Care
of the Combat Amputee. Fort Sam Houston, TX, Borden
Institute, pp 249-250.)

An RCT that looked at cognitive behavioral therapy plus mirror
therapy in 59 patients showed that there was no difference in the reduction
of anxiety or pain in the cognitive behavioral therapy plus mirror therapy
group compared with the group that received only supportive
psychotherapy.61 However, another RCT that looked at the effectiveness
of three hypnosis sessions showed a marked decreased in the McGill Pain
Questionnaire score compared with the control group after 4 weeks of
therapy, showing that hypnosis is effective in treating residual and
phantom limb pain.62
An obvious need exists for well-designed studies that look at various
CAM therapies. However, considering the favorable risk-versus-benefit
ratio, the use of CAM therapies should play an important role in a
multimodal treatment strategy to manage chronic postamputation pain.

Interventional Techniques
The peripheral nerve is an accessible target for treating chronic
postamputation pain. A variety of agents, such as botulinum toxin,
corticosteroid, local anesthetic, neurolytic agents (for example, alcohol,

phenol), and biologics (for example, tumor necrosis factor) have been
injected in and around neuromas to treat postamputation pain. Botulinum
toxin may have a role in reducing ectopic discharge in neuromas and
depleting substance P (a neurotransmitter) at the dorsal root ganglion.
Corticosteroid and tumor necrosis factor are thought to work by means of
their anti-inflammatory effects. An RCT that looked at a botulinum toxin
injection versus a methylprednisolone acetate–lidocaine injection along a
neuroma showed that immediate and sustained relief of residual limb pain
occurred in both groups at 6 months but that they had no effect on
phantom limb pain.63 Although many of the available treatment modalities
show promise in the treatment of postamputation pain, the lack of highquality evidence to support these interventions remains a major
weakness.26,64-66
The local denervation of peripheral nerves by means of radiofrequency
(RF) ablation is widely used to treat axial spine pain. The process involves
placing a probe on or near the peripheral nerve and heating the probe to
80°C. For postamputation pain, small case reports show that pulsed RF
ablation targeting a neuroma can be effective. A notable advantage of
pulsed RF over conventional RF ablation is that pulsed RF does not cause
permanent damage to surrounding structures because the temperature of
the RF probe does not exceed 42°C. To date, no complications associated
with pulsed RF have been reported, and this technique may be safer than
thermal ablation or cryoablation.67 The mechanism of analgesia of pulsed
RF is not fully understood; however, several studies report that pulsed RF
exerts an electric field along the nerve, resulting in prolonged pain signal
disruption.

Surgical Treatments
The surgical management of postamputation pain should be reserved for
situations in which conservative treatments have failed. Surgical
interventions may include, for example, the excision of heterotopic bone;
the resection of a neuroma; or the implantation of electrodes in the
peripheral nerve, the spinal cord, or the deep brain.
Heterotopic ossification (HO) is the formation of mature lamellar bone
outside osseous tissue. These bony projections can lead to residual limb
pain and the decreased use of a prosthesis. HO formation is especially
common after blast injuries. In a cohort of 213 patients with combatrelated injuries, the prevalence of HO was estimated to be approximately

63%.68,69 Although the incidence of HO in this population is high, less
than 10% of the affected patients require surgical excision. Successful
rates of resection have been reported in up to 83% of patients, with most
being able to either stop or markedly reduce their use of opioid and/or
neuropathic pain medication after 1 year.68
As described previously, neuroma formation is expected after
peripheral nerve transection; however, not all neuromas are symptomatic.
Several studies estimate that symptomatic neuromas occur in
approximately 13% to 32% of individuals with acquired amputation.70
The surgical resection of neuromas is sometimes needed when other
conservative methods are unsuccessful. The most common method of
neuroma resection involves transecting the nerve proximal to the neuroma
and then burying the end of the nerve within the proximal muscle to
protect it from mechanical irritation. Although selected patients who have
undergone neuroma resection report excellent relief of residual limb pain,
recurrence is common, even after several years.71,72 Some studies
advocate the placement of a silicone cap at the end of a neuroma,73
although this practice is not widely observed. The use of ultrasonography
and magnetic resonance neurography may be helpful in presurgical
planning to help better localize symptomatic neuromas.
Recent surgical innovations involve the use of targeted muscle
reinnervation (TMR) to treat postamputation neuroma pain. TMR involves
reconnecting transected peripheral nerves into the motor end plates of
remaining residual limb muscles. Although the technique was originally
designed to add myoelectric sites of control for more intuitive prosthetic
use, a retrospective study of 15 patients with postamputation neuroma pain
who underwent TMR discovered that 14 patients experienced a complete
resolution of their pain. TMR is believed to help reduce pain because
reinnervation of the residual nerve to a recipient motor nerve branch
encourages organized nerve regeneration, thus preventing neuroma
recurrence.74 Pet et al75 studied the effect of targeted nerve implantation
in preventing neuroma-induced pain in two groups by implanting a distal
nerve to a partially artificially denervated portion of a motor point within a
nearby muscle. In this study, the first group received targeted nerve
implantation to prevent occurrence of a neuroma during acute amputation,
whereas the second group underwent targeted nerve implantation during
neuroma excision. Eleven of 12 patients in the first group and 23 of 29
patients in the second group were free of neuroma at mean follow-up of 22

months.75
There is some evidence suggesting that reconstructive peripheral nerve
surgery also may help reduce phantom limb pain.76 Reconstructive
peripheral nerve surgery is hypothesized to interrupt noxious afferent input
from the periphery and prevent central sensitization.76 Prantl et al76
examined patients with transtibial amputation who had phantom limb pain.
In this study, the sciatic nerve was divided in half in a lengthwise direction
proximal to the popliteal fossa. The nerve endings were then reconnected
in an end-to-end sling fashion. Fourteen of the 15 patients experienced a
substantial reduction in phantom limb pain as well as a decrease in the
frequency of occurrences, both of which were sustained after 1 year.
The implantation of nerve stimulators is common for treating failed
back syndrome and complex regional pain syndrome. Multiple studies also
have described the use of a spinal cord stimulator, the peripheral nervous
system, and deep brain stimulation for postamputation pain. These
stimulation signals are thought to act by inhibiting the transmission of pain
signals (gate control theory). Although most reports in the literature are
from small case series or retrospective reviews, the success rates of a
spinal cord stimulator and deep brain stimulation range from 14% to 83%
and 20% to 97%, respectively, with the effects usually lasting several
years.26
Peripheral nerve stimulation also may be helpful for postamputation
pain. Recent advances offer a less invasive technique by using
ultrasonography guidance to place a percutaneous lead along the distal
nerve bundle. In a study by Rauck et al,77 16 lower limb amputees with
residual and/or phantom limb pain underwent a 2-week home trial of
percutaneous peripheral nerve stimulation. Using a novel, single-contact
design that selectively stimulated target sensory fibers at 0.5 to 3 cm off
the target nerve resulted in comfortable paresthesia without unwanted
muscle stimulation. Nine of the 16 patients who tolerated the stimulation
reported more than a 50% reduction in pain as well as a corresponding
reduction in the disability index and sustained improvement at 4 weeks
after the end of stimulation.77

Future Directions
Continued research is needed to better elucidate the pathophysiologic
changes that occur within the nervous system after amputation. In addition,

comparative effectiveness studies are lacking to help guide optimal
pharmacologic and nonpharmacologic interventional strategies. Outcome
measures for such studies should expand beyond pain intensity and include
measures of function, quality of life, and behavior. In the future,
biomarkers for pain, genome sequencing, the testing of individual neurons,
and neuroimaging may help to more accurately define the different
phenotypes of pain and better target individualized treatments and
minimize adverse effects.78,79 Targeting specific mechanism-based
pathways of pain may prove to be the best therapeutic approach.80,81

Summary
Given the projected increase in the global prevalence of major limb loss,
effective pain management in the acute, subacute, and chronic phases of
care of individuals with amputation is of critical importance. If untreated,
pathophysiologic changes occurring in the peripheral nervous system and
the CNS may convert acute pain to chronic pain. Chronic pain should be
considered as not only a series of symptoms but also a disease state within
itself. Although the proper assessment and management of patients
affected with chronic postamputation pain remains challenging, a more
thorough understanding of the various pain generators and the physiology
of nociception can help better guide clinical practice.
Although beyond the scope of this chapter, the management of
complex chronic pain syndromes after amputation often requires the
involvement of multiple different specialties and expertise. An ideal pain
management team should include a physician with expertise in pain
management, a psychiatrist or psychologist, a physiatrist, a physical and
occupational therapist, and a provider skilled and knowledgeable in
integrative medicine. Team members should be consistent in their
counseling of patients to set realistic expectations that incorporate
functionally based goals, rather than solely focusing on reducing pain
intensity. By using this approach along with a combination of
pharmacologic and nonpharmacologic strategies, it is reasonable to expect
that patients will be able to better cope with their pain, improve their
functional independence, and pursue more active participation with their
families and in their communities.
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Abstract
Skin problems are common in individuals with amputations who use
prostheses. A prosthesis creates an abnormal environment for skin tissue,
including elevated temperatures and forces, in parts of the body that are illequipped to tolerate the changes. When skin problems arise, prosthetic use
may be compromised, and function and quality of life may be adversely
affected. Prosthetists are at the forefront of managing these problems.
Patients may benefit from the ability of prosthetists to address complications
caused by skin problems and recognize situations that require consultation
with a specialist.
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Introduction
Individuals with an amputation who use artificial limbs require the
ongoing care of qualified prosthetists to fabricate, fit, align, and maintain
their prostheses to maximize function and quality of life. Prosthetic
services have mobility and movement, social, familial, psychological, and
economic implications. Various healthcare professionals are involved

throughout the patient’s life for many prosthetic and nonprosthetic issues.
Interfacing a prosthesis with human anatomy introduces stressors to the
body greater than those experienced by nonamputees. These added
stressors create health complications that, at times, require evaluation by
other members of the healthcare team.
Human skin is composed of cells that communicate with and rely on
each other to form tissues that function together as the largest organ in the
human body. The skin, or integumentary system, is integral to health and
well-being. Skin is vital to temperature regulation by means of insulation
and glandular secretions, vascular constriction or dilation, and contracting
the erector pili muscles within the dermis so that hairs on the skin stand up
to decrease conduction and convection heat loss. Gross protection of
deeper structures is obvious, but the integument is also vital in fluid
homeostasis, insulation, sensation, absorption with selective resistance,
production of natural moisturizing factors, sun protection, immunologic
surveillance, and other functions. Many of these functions become
impaired because of the prosthesis-to-skin interface. Because of the
complexity of providing and maintaining a prosthesis, collaboration
between the prosthetist and dermatologist is imperative to optimize patient
outcomes.
Gross anatomic loss after amputation requires altered loading and
adapted movement patterns, generally with a prosthesis. With prosthetic
use, a socket typically connects the residual limb to prosthetic joints and
limb segments, and ultimately, to a terminal device such as a hand or foot
used to interact with the environment. Physiologic changes, such as altered
volume and inherent skin function, continue to occur in the
neuromusculoskeletal and vascular systems after anatomic loss. These
changes predispose the limb and body to many additional signs and
symptoms, including pain, motor and sensory dysfunction,
thermoregulation problems, hygiene issues, scarring, infections, and
cosmetic concerns.
The prosthetic socket must intimately fit the residual limb to prevent
many types of dermatoses. Even an excellent prosthetic fit introduces
multiple challenges for the skin. Air circulation and heat loss are impeded,
and perspiration is likely increased with little to no means of removal.
Prosthetic use exposes moist skin to new materials, chemicals, and
considerable mechanical forces that increase exposure to injury and
irritation and provide little opportunity for healing. Often, this situation is

confounded by other health comorbidities of an amputee, including
vascular disease, obesity, multiple limb loss, pain issues, and
polytraumatic injuries such as brain injury and posttraumatic stress.1,2
Skin problems in amputees are functionally, economically, medically,
socially, and cognitively complex.
This chapter describes the prevalence of dermatologic diagnoses in
individuals who have undergone amputation; discusses factors (including
hygiene) that contribute to dermatoses after amputation; describes
prevention, presentation, etiology, and management of these dermatologic
conditions; and presents possible classification systems for dermatologic
conditions after amputation.

Epidemiology
Dermatologic issues represent 7% of nonemergent ambulatory visits in the
United States, although recent reports show this rate increasing in certain
populations.3,4 A review of the prevalence of skin problems among
amputees reported that 15% to 41% have dermatologic issues, a two- to
sixfold greater occurrence compared with nonamputees. The wide range in
prevalence reportedly resulted from nonstandardized methods of skin
assessment based on who performed the evaluation (the patient, the
provider, or the specialist), the diagnostic method used (such as a patch
test or a swab test), a lack of uniformity in descriptions of the skin
problems, and the study setting (for example, the country where the study
took place or the general setting, such as a clinic or a hospital).5
Nevertheless, persons with limb loss who use prostheses can expect to
experience skin problems at rates greater than nonamputees.
No consensus exists regarding the type and frequency of specific
dermatoses commonly seen in individuals with amputation. The study
setting greatly influences the rate of certain skin problems, as do
comorbidities and numerous confounding variables.6,7 Dudek et al8
studied 745 prosthesis users and ranked the occurrence of dermatoses as
follows: ulcers (27%), irritation (18%), inclusion cyst (15%), callus (11%),
verrucous hyperplasia (9%), blister (7%), fungal infection (5%), and
cellulitis (2%); 7% of patients had dermatoses classified as “other.” The
prosthetist should be familiar with common skin maladies and be prepared
to manage them. In addition, knowledge of less-common skin issues helps
facilitate a prompt referral to the dermatologist when problems are beyond

the scope of routine prosthetic care.

Hygiene
Limb amputation inherently results in adaptation, not only in muscular
recruitment affecting strength, balance, and higher energy demands, but
also psychologically, socially, and within the residual limb’s anatomy and
skin function. The environment within the skin-prosthesis interface is
occlusive and includes areas of high stress, friction, and possible suction or
negative pressure. This unnatural interface predisposes the residual limb to
multiple new factors that increase the importance of skin hygiene.
If a patient did not have skin problems prior to amputation, it can be
assumed his or her preamputation skincare regimen should be sufficient.
However, when skin problems develop, it is prudent to initiate changes,
because many amputees have varied and unusual skin hygiene practices.9
Lack of knowledge and training in hygiene practices and prosthetic care,
cognitive impairment, and other health comorbidities common to patients
with amputations can contribute to suboptimal skin care. In many of these
patients, poor hygiene contributes to myriad skin maladies including odor,
intertrigo, various infections, eczema, autoeczematization, cysts, and other
neoplasms. Therefore, proper instruction for good hygiene is crucial.
Washing the body, residual limb, and prosthetic interface components
should be a daily routine.10 Equally important is that prosthetic
components be dried or permitted to dry and that they be inspected before
use (Figure 1). Bathing in the evening is recommended to minimize
moisture on the residual limb, which can cause adherence and friction.11
Currently, gel liners are used with far greater frequency, and perspiration
is known to be problematic with their use. Moisture (such as perspiration)
in gel-lined interfaces can impair suspension, but to some extent, it is
unavoidable. Thus, periodic doffing and drying of the interface and
residual limb throughout the day should be considered part of routine
hygiene practices with current gel-lined suspension systems.
Because skin is acidic in nature, with a typical pH value of
approximately 5, neutral or near-neutral pH cleansers should be used.11,12
This includes washing with soap and warm water and ensuring that all
cleanser is rinsed away. The duration of skin cleansing should be less than
15 minutes. The skin should be blot-dried with a towel using a soft-touch
pushing motion as opposed to frictioned rubbing. This entire process can

be preventive and restorative for many eczematous conditions and xerosis
by facilitating the growth of normal cutaneous microbial flora and
decreasing pathogenic bacterial colonization (such as Propionibacterium
acnes), which are more commonly seen when using most soaps because of
their alkaline pH.13 Common practices that cause problems in basic skin
care include using hot water, cleansing duration of 15 minutes or longer,
using high-alkaline cleansers, not removing all the cleanser, and rubbing
the towel back and forth to dry. Each of these factors contributes to
inflammation, contact dermatitis, superficial infections, and dry skin.14

Cutaneous Problems
Dermatitis
Dermatitis, or eczema, is inflammation of the skin, and can be pruritic
(itchy), erythematous, weeping, crusting, vesicular, bullous, or have
numerous other presentations of irritation. Multiple causes and types of
dermatitis exist. Selected types of dermatologic conditions and associated
etiologies relevant to the care of patients with amputations are discussed in
this chapter.
Contact Dermatitis
Contact dermatitis occurs when a material or chemical contacts skin and
results in signs or symptoms that are typically inflammatory. Irritant and
allergic contact dermatitis are the two main forms of this condition. Irritant
contact dermatitis (ICD) is a nonimmunologically mediated process that
occurs when a physical agent is applied long enough or in a concentration
high enough to damage cells and disrupt skin integrity and function. ICD
is the most common type of contact dermatitis and results from exposure
that could cause a reaction in all human skin (such as a strong acid).

Figure

1

Photographs depict prosthetic liners that
contributed to dermatoses because of mechanical failure or the
presence of irritants. A, Overused gel liner. Note the worn spots
where trim lines wore through the gel proximal to the knee joint
because of excess pressure anterior to the knee at the fibular
head in the popliteal space and distal end. B, Pelite liner that
caused proximal constriction, leaving a distal airspace, which
can result in verrucous hyperplasia. C, Pelite liner in which
contaminants accumulated distally. D, Gel liner with mold
between the gel and cloth cover. (Courtesy of Heikki Uustal,
MD, Edison, NJ.)

A key feature of ICD is that the inflammatory response is limited to the
site of contact, which often itches or burns, depending on the nature of the
contactant. Among the most common etiologies for ICD is excessive
chronic washing with soap and water, which can dry and irritate the skin.
Chronic excoriation and rubbing further exacerbate the problem. Other
predisposing factors include age (irritation increases in very young and
very old patients), occlusion, and mechanical irritation. Management
primarily includes avoiding contact with the offending agent. Other
therapeutic modalities include using a physical barrier (such as a prosthetic
sock), a topical barrier or ointment, emollients, and possibly
corticosteroids. Frictional ICD (Figure 2) is a distinct subtype that results
from recurrent low-grade friction and results in hyperkeratosis and
lichenification.12 Most friction-related dermatoses are typically of a higher
grade and are more directly explained by the underlying etiology.

In contrast to ICD, an allergic response generally triggers an
immunologic hypersensitivity cascade in select individuals after repeated
allergen exposure, referred to as allergic contact dermatitis (ACD) (Figure
3). ACD is a delayed hypersensitivity reaction to an allergen developed on
reexposure. ACD lesions are acutely well defined, involving erythema,
edema, and occasionally vesicles or exudate. Key distinguishing features
of ACD include visible reaction on second exposure, but not the first. In
addition, not all individuals will react to the offending agent of an ACD, in
contrast to irritants that can trigger ICD in anyone. Chemicals and
materials used in prosthetic fabrication, maintenance, and repair are often
suspected of causing ACD reactions.15 Varnishes, lacquers, plastics,
epoxies, resins, cements, leathers, and other materials are included.
Patients with ACD are more likely to have a family history of atopic
dermatitis, asthma, and allergic rhinitis, in addition to the predisposing
factors listed previously for ICD.

Figure 2

Photograph of a residual limb with frictional irritant
contact dermatitis (ICD). Note the erythematous areas near the
fibular head and anterior and posterior aspects of the lateral
femoral condyle. Frictional ICD can present here in association
with valgus force coupling during the stance phase.
Alternatively, ICD can result from a poorly fitted socket or if the

patient does not properly monitor and adjust sock-ply during
volume changes. Because the skin does not blanch with
palpation, a stage I pressure sore developed at the most
proximal erythematous patch near the anterolateral femoral
condyle. (Courtesy of Heikki Uustal, MD, Edison, NJ.)

Conducting a careful history is extremely important and necessary to
determine if a new exposure (such as a skin care product) is the offending
agent, as opposed to a prosthetic component. It may not be possible to
differentiate between ACD and ICD, especially in the chronic phase,
because the signs and symptoms begin to overlap. Patch testing is the gold
standard for determining or excluding an immunologic allergen7,12
(Figure 4). One potential complication with patch testing before
completing a thorough history is that the test can initiate a new immune
response to a material historically used without problem, therefore
introducing a new issue. This could represent a new allergic reaction
unrelated to the patient’s rash, creating a false-positive reaction. Patch
testing also can have a false-negative result, or failure to detect a true
allergy. False-negative results have been estimated to occur in as many as
30% of patients.16 However, discordant reactions are typically observed in
less than 5% of correctly tested patients.17,18 If results from the patient
history and patch testing are successfully evaluated, removal of the
inciting antigen is routinely curative for dermatitis. If not, symptom relief
becomes the primary goal, at least temporarily. Nonsurgical topical
treatment options for symptomatic relief beyond avoidance include
antipruritics, corticosteroids, and cool compresses.9,19,20 In more
aggressive cases, or if symptoms are refractory to topical therapy, systemic
corticosteroid administration may be necessary, but it should be used with
caution.
Nonspecific Eczematization
Although dermatitis typically results in local inflammation at the contact
site, the possibility exists of inflammation far from the source. A classic
example occurs with a dermatophyte fungal infection on a distal limb that
results in an eczematous patch on the trunk. This has been termed a
“dermatophytid,” or simply an “id” reaction. Other terms such as
autoeczematization, autosensitization, angry skin syndrome, and
disseminated eczema have all been used to describe this poorly understood

process that is not necessarily related to an infection. Although unclear,
systemic dissemination of an irritant, allergen, or immune cells (such as
activated memory T lymphocytes) likely plays a key role in inflammation
at a distant site from the primary source and has been speculated to be a
source of false-positive results in patch testing. Management of
dermatophytid reactions focuses on recognizing and treating the primary
source. Often, emollients and corticosteroids are the most beneficial
treatments for distant eczematous patches.
Psoriasis
Psoriasis is a common, chronic, immune-mediated systemic inflammatory
condition that is characterized by a well-demarcated erythematous patch or
plaque with white to silver-colored scales (Figure 5). Many patients are
genetically predisposed to psoriasis and an external trigger is possible (for
example, infection, hypocalcemia, or medications such as beta blockers).
Lesions classically occur on extensor surfaces and are known to occur in
areas of friction. Injury can result in a psoriasis plaque in the traumatized
skin that is often linear (as with a scraped knee) and known as the Koebner
phenomenon (Figure 6). An amputee can develop psoriasis on the residual
limb; the elbows, knees, groin, digits, and scalp also should be checked. If
the prosthetist recognizes this condition, the patient should be referred to
his or her primary care physician or a dermatologist. In addition,
approximately one-third of patients have associated psoriatic arthritis as
well as an increased risk of diabetes and cardiovascular complications.
Most patients are treated with prescription medications. Topical
therapeutic options include corticosteroids, vitamin D creams, retinoids,
tar, salicylic acid, and calcineurin inhibitors.21 Topical therapies have the
greatest benefit if applied when the prosthesis is not in use (for example,
during sleep). Collaboration between the prosthetist and dermatologist
assures that prosthetic use does not undermine dermatologic treatment and
vice versa in conditions such as psoriasis. Extensive skin involvement,
severe symptoms, or arthritis should be managed with systemic therapies
such as ultraviolet phototherapy, biologic agents, chemotherapeutic agents,
or systemic retinoids.22
Intertrigo
Intertrigo is a dermal inflammatory response to friction between two skin
surfaces that are in constant opposition (Figure 7). Areas commonly

involved in the nonamputee include the axilla, the submammary areas, and
intergluteal cleft. In obese persons, intertrigo can develop between tissue
folds of the abdomen or thigh. Intertrigo is common on the residual limb of
an amputee because two skin surfaces on either side of an invaginated scar
are in constant direct contact while squeezed together inside an artificial
interface, often a gel liner.23 Heat, perspiration, and maceration are present
in the semiocclusive environment on the residual limb coupled with
elevated forces associated with movement, which begin breaking down
protective keratin and result in inflammation. The compromised tissue is
subject to further mechanical irritation and secondary infection. Fissures,
eczema, pigment alteration, ulceration, or lichenification can result in
chronic cases. Intertrigo is the nonspecific label given to dermatitis in
contacting surfaces when no other pathology is present. However, steps
should be taken to identify an active infection or specific underlying
pathology. For example, inverse psoriasis may affect just the skin folds as
an unusual manifestation of psoriasis and be misdiagnosed as intertrigo.
Similarly, many cutaneous infections such as erythrasma or fungi also
mimic intertrigo. A skin biopsy or microbial culture may be necessary to
obtain a correct diagnosis of the underlying pathology in a persistent
intertriginous lesion. Therefore, it is prudent to refer the patient with
intertrigo to a dermatologist for assessment if a positive response is not
seen after 2 weeks of nonsurgical care.

Figure 3

A, Photograph of suspected allergic contact
dermatitis response to nickel in a patient using an ankle-foot
orthosis. B, Photograph shows the missing cover over the strap
rivets, which permitted metal-to-skin contact. (Courtesy of
Heikki Uustal, MD, Edison, NJ.)

General recommendations for management include good hygiene
practices that can be modified as needed along with the application of a
topical barrier, emollient, corticosteroid, or a combination these
preparations, depending on the clinical presentation. In addition,
appropriately selected, fitted, and aligned prosthetic componentry are vital
in minimizing undue stress in the invaginated region. Other possibilities
include components that are worn beyond their service life, are ill-fitting
and/or functioning, or are contaminated. After prosthetic components are
functioning optimally, care, maintenance, and cleaning are reviewed to
ensure maximal residual limb protection. If an underlying cause or
secondary infection is isolated, it should be treated as indicated by a
dermatologist.

Heat Rash
Obstruction or malfunction of eccrine sweat ducts is known as miliaria or,
more commonly, heat rash. Miliaria has been categorized by the depth of
pathology, from superficial to deep. Miliaria crystallina is characterized by
small, subcorneal epidermal clear vesicles that are easily ruptured. Miliaria
rubra, or prickly heat rash (Figure 8), is characterized by occluded sweat
that leaks into the lower epidermis or superficial dermis and elicits an
inflammatory response with erythematous macules, patches, and papules.
These first two types are most commonly described in infants who have
been swaddled snugly, creating too warm an environment. Miliaria
pustulosa can be at the same level as rubra and occurs after a bout of
prickly heat rash. Miliaria profunda results from sweat leaking into the
deeper dermis. Among amputated patients, prickly heat rash is the rash
most commonly seen under the prosthetic device because the interface area
has sustained exposure to friction and elevated temperatures. Typically,
resolution occurs rapidly if the device is not worn for 1 day; usually, no
further treatment is required. However, anhidrosis, or a lack of sweating,
commonly follows a true heat rash for nearly 2 weeks because the ducts
need time to repair and restore physiologic function. Because eccrine
sweat glands discharge their contents directly onto the skin surface, they
are independent of the hair follicle, unlike apocrine and sebaceous glands.
Therefore, they are unrelated to epidermal inclusion cyst formation.

Figure 4

Photograph of a patient undergoing patch testing
for allergens causing allergic contact dermatitis. The back is
used for its broad surface area and so site reactions can be
compared.

Figure 5

Photographs of patients with psoriatic plaques on
their residual limbs. A, Note the well-demarcated, pruritic,
scaling plaques. B, Psoriasis can be especially burdensome
within the socket region for amputees. Also, note the stasis
dermatitis on the intact left limb resulting from venous
insufficiency. (Courtesy of Heikki Uustal, MD, Edison, NJ.)

Figure 6 Photograph of the Koebner phenomenon.

Figure 7

Photographs show intertrigo lesions within
opposing skin surfaces of invaginated scars; these are common
in residual limbs. A, The lesion is well demarcated and beefy
red. Differential diagnosis could be inverse psoriasis; the
patient was referred for biopsy. B, Mild inflammation, as seen in
typical intertrigo. (Courtesy of Heikki Uustal, MD, Edison, NJ.)

Urticaria
Urticaria, commonly referred to as hives, is characterized by transient,
pruritic, raised wheals formed from central pale dermal edema and
surrounded by erythema that blanches with pressure (Figure 9). Individual
wheals can resolve within 1 hour or persist for an entire day. Wheals that
stay in the same location longer than 1 day should be biopsied to rule out
an underlying process, such as urticarial vasculitis or systemic lupus
erythematosus. Acute urticaria is defined as lesions that continually appear
and disappear over a 6-week period; chronic urticaria lasts longer than 6
weeks. Physical urticarias are the result of a direct physical agent such as
water (aquagenic), brisk stroking of the skin (dermatographism), sweat
(cholinergic), cold, heat, solar exposure, pressure, or vibration. Physical
urticaria is recognized as a distinct subtype of urticarial; because most
cases persist longer than 6 weeks, it is generally chronic.24 Although not
commonly documented, many of the physical urticarias caused by
pressure, heat, and perspiration in the residual limb–prosthesis interface
should be considered in the differential diagnosis. A careful history should
help elucidate if the patient has hives or physical urticaria. Testing for
physical urticaria should not be performed unless the practitioner is trained
and equipped to treat a possible anaphylactic reaction. Treatment of
physical urticaria often includes oral antihistamines, but topical
corticosteroids provide some benefit.24

Infection
Skin has a host of defenses to prevent infection; these are divided into the
innate and adaptive immune systems. The innate system is nonspecific and
the first line of defense, with components such as the intact skin barrier,
antimicrobial peptides (for example, β-defensins and cathelicidins),
neutrophils, macrophages, and eosinophils. The adaptive immune system
has a delayed, pathogen-specific response with memory involving
Langerhans cells, T lymphocytes, B lymphocytes, and plasma cells that
produce antibodies. Other barriers to infection include competing normal
flora of microbes and the complementary system of proteins that plays a
role in both immune systems. Trauma, repetitive friction, altered pH level,
dry skin, and occlusion of the residual limb–prosthesis interface
predisposes the host tissue to increased temperatures, moisture, and
maceration that potentially compromises many of these defenses. As a
result, microbes can invade the skin, causing infection. In individuals with

an amputation, common skin infections include fungi and bacteria.
Classically, infectious presentation is localized. Although rare, systemic
infections can occur and should be recognized early by constitutional
symptoms, such as an elevated core temperature accompanied by fever or
chills, to avoid serious or life-threatening complications.23

Figure 8

Photograph of a patient with miliaria rubra (prickly
heat rash) of the distal thigh, where skin contacted gel from his
prosthetic suspension system.

Figure 9

Photograph of the limb of a patient with urticaria
(hives). Note the elevated lesion with a central, pale dermal
area.

Figure 10

Photograph of a patient with folliculitis on his
residual limb. This condition is characterized by inflammation
and one or more pustules centered about a hair follicle.
(Courtesy of Heikki Uustal, MD, Edison, NJ.)

Folliculitis, or inflammation of the hair follicle (Figure 10), is an
extremely common problem related to microbial infection in amputees.
Lesions are characterized by a small pustule centered on a hair follicle. It
is more prevalent in individuals with hyperhidrosis, increased hair density,
or oily skin. Other predisposing factors include obesity, shaving, and
friction from a prosthetic device or tight clothing. Mechanical stress
escalates symptoms, particularly in summer months with higher ambient
temperatures and increased perspiration, and is exacerbated by the lack of
evaporative cooling under the prosthesis.11,25 These infections are
typically caused by the bacteria Staphylococcus aureus, but other bacteria
and fungi such as Malassezia are also common. It is important to

recommend against shaving and to emphasize keeping the area cool and as
free from friction as possible. Other therapies generally include over-thecounter topical antimicrobials (such as benzoyl peroxide 2% to 5%),
prescription topical antimicrobials, and systemic antibiotics, depending on
the severity and the microbes involved. For recurrent lesions, permanent
laser epilation can be considered.
A dermal infection deeper than folliculitis is termed a furuncle, or
more commonly, a boil.26 A pustule is not visualized in these lesions.
Instead furuncles present as an indurated erythematous nodule, often with
tenderness or irritation. Furuncles are generally found on areas of
mechanical friction and increased sweating.9 Commonly affected areas
include the neck, axilla, and groin; boils are also common on the residual
limb of a patient with an amputation. Associated systemic disorders
include diabetes, immunosuppression, alcoholism, and malnutrition. If
more than one follicle is involved, the lesion is termed a carbuncle.
Boils are typically caused by S aureus bacteria and can resolve
spontaneously. Furuncles are often treated in the same manner as
folliculitis. Recurrent folliculitis, or furunculosis, may also require the use
of over-the-counter antimicrobial soaps or cleansers (such as
chlorhexidine) several times per week, although consultation with a
dermatologist is advised depending on the previous rate of skin problems
and success of hygiene regimen, among other factors. A deeper infection
that involves more surrounding tissues can result in a fluctuant, painful
abscess. In an abscess that results in systemic symptoms, a wound culture
should be obtained to determine the microbial etiology and susceptibility
to antibiotics. Treatment must include incision and drainage of these
purulent lesions. Although systemic antibiotics are commonly used, they
are generally not necessary if the lesion is drained appropriately.
Superficial fungal infections (such as jock itch and athlete’s foot) are
also common at the prosthesis–residual limb interface.8 These
dermatophytes produce an erythematous annular patch that manifests as a
ring of redness (ringworm) along with central clearing or normal-looking
skin inside the ring (Figure 11). The leading advancing border is typically
scaly and flakes when rubbed. Topical antifungals are the mainstay of
treatment and are available as over-the-counter medications or with a
prescription. Yeast also can affect the skin and is a fungal infection distinct
from the dermatophytes previously discussed. A yeast infection is
identified classically as having a beefy, red appearance with satellite

lesions beyond the primary area of inflammation. Candida albicans is the
typical yeast involved, and improvement is best obtained with a
prescription topical treatment.
Improving hygiene practices can help prevent the infections discussed
in this chapter,10 which is important because the skin of the residual limb
may have altered microbial flora compared with that of sound limbs.
Levy9 reported that adherence to sound hygiene can be curative in patients
with recurrent folliculitis. Other generalized treatment options include
some amount of prosthetic discontinuance.23 Referral to the patient’s
primary care physician or dermatologist should not be delayed. If the
patient is being treated for an abscess, the prosthesis and all interfacing
soft goods such as socks and gel liners also should be evaluated and
cleaned. To avoid repeated infections or contamination, replacement of
soft goods is advised in chronic, recurrent, or severe infections.23 Soft
goods should be disposed of if an abscess or infection involving
methicillin-resistant S aureus develops in the sound limb.

Volume Changes
Limb amputation routinely results in residual limb edema for several
weeks postoperatively. Nonsurgical volume management with elevation
and a compression garment (such as a shrinker or wrap) helps control and
reduce postoperative edema to prepare the limb for prosthetic fitting.27
Immediate postoperative prostheses, some incorporating negative pressure,
are being introduced to facilitate more rapid volume control in addition to
early weight bearing and patient acceptance of amputation.28,29 After the
preparatory prosthesis is fitted, volume begins to reduce rapidly until a
mature shape develops in the residual limb. The rapid volume loss
experienced in the first year is largely postoperative edema but also
includes some volume loss from muscular atrophy. From approximately 1
year postamputation, the limb’s volume often continues to reduce for the
remainder of the amputee’s life because of myriad factors, including
muscular atrophy and bone demineralization. This volume change is fairly
common but varies among individuals. Nevertheless, volume change and
volume mismatching at the residual limb–prosthesis interface are among
the most common and important sources of dermatologic maladies and
impaired function.

Figure 11

Images of a patient with a typical fungal infection
on the distal medial thigh beneath the liner of his transtibial
prosthesis. A and B, Photographs of two lesions with welldemarcated borders and central clearing. C, Potassium
hydroxide wet mount microscopic view confirms dermatophyte
fungal infection. Note the long, slender hyphae.

Prosthetic use results in abnormal mechanical stress placed on tissues
of the residual limb. Typical walking for nonamputees generally results in
15° to 25° of sagittal knee flexion during the loading response to absorb
shock. When this happens in the gait of a transtibial amputee, the socket
rotates about the residual limb into flexion, creating a force couple with
the residual limb in all three planes during movement. The amputee
attempts to stop the socket flexion on the residual limb by extending the
knee. This causes force coupling as pressures increase at the distal anterior
tibia and proximal posterior aspect of the socket near the distal hamstring
tendon region. In addition, during weight bearing, axial loads are applied
through the residual limb, resulting in forces acting on tissues that are not
anatomically suited to manage such loads. In contrast, axial loads in the
nonamputee are dispersed through the calcaneal fat pad as well as the
arched structure of the foot, which is comprised of intrinsic and extrinsic
muscles and a complex ligamentous array around multiple articular joint
surfaces. When a lower limb is amputated, many of those structures are
eliminated, requiring structures not designed for load bearing to manage
these loads. Because the distal cut end of the tibia, fibula, and muscle
bellies are now bearing axial load instead of the foot, this can contribute to
abnormal forces and ulceration on the residual limb.
Negative-Pressure Hyperemia
Currently, viable prosthetic suspension options include suction and
vacuum. A negative-pressure system holds the prosthesis onto the residual
limb during non–weight-bearing periods (such as the swing phase of gait)
via suction or vacuum.30 For residual limb tissues to be unaffected by the

negative pressure, total contact is required. Any loss of contact between
the residual limb and the interface in the presence of negative pressure will
result in a void with lowered resistance to circulation in that area; this
draws fluid toward the region of the residual limb closest to the void. The
negative pressure pulls lymphatic and circulating blood into the region,
creating congestion. If loss of contact persists, the site will become clearly
demarcated, edematous, erythematous, and exquisitely painful (Figure
12). The area could begin to weep serosanguineous fluid.23 Weight gain is
a likely contributor, but any volume change preventing full contact could
result in a lack of distal contact and, ultimately, negative-pressure
hyperemia.
A period of prosthetic disuse can be recommended simply because of
the pain that the suction causes during non–weight-bearing periods. Total
contact must be restored in the residual limb–prosthesis interface or the
problem will persist. Analgesic medication and prosthetic disuse for a
short period are indicated to manage pain from acute symptoms. However,
prosthetic discontinuance should be minimized in active patients.
Temporary padding to restore contact will likely facilitate recovery.
Because the volume change was sufficient to cause this problem, any cure
likely depends on the fabrication of a new, better-fitting socket.
Friction
Multiple types of forces are applied to the amputated residual limb during
prosthetic use. A common type of suspension system in contemporary
prostheses includes a gel liner with pin suspension.10,23,31 The distal end
is firmly attached to the bottom of the socket. During movements requiring
high degrees of knee flexion, increased friction and stress are applied to
the anterior knee region. Patients using pin suspension systems often
report knee discomfort when sitting for long periods (such as when driving
or watching a movie). This friction results in changes within the skin
(lichenification, callus, or blister) whereby tissues attempt to protect
themselves from further damage. Initially, blister formation is common,
but with time, hardening of the skin results in hyperkeratosis and
acanthosis, termed lichenification (Figure 13). Clinically, lichenification
can be identified easily with exaggerated skin lines secondary to
thickening of cutaneous tissues in the affected area. An isolated affected
area is referred to as lichen simplex chronicus when it is a result of chronic
manipulation or scratching.32 Improving prosthetic fit and teaching

pressure relief strategies (releasing the pin lock during prolonged sitting;
doffing the prosthesis) is recommended as first-line treatment. If indicated,
secondary lichenification can be treated with corticosteroids.

Figure 12 A, Photograph of a residual limb with a blister and
distal irritation. Use of a negative-pressure suspension system
resulted in a focal area of suction without total contact. B,
Photograph of classic negative-pressure hyperemia associated
with the use of a suction suspension prosthesis.

Figure 13

Distant (A) and close-up (B) photographs of a
transtibial residual limb with visible lichenification and calluses,
which resulted from the skin protecting itself from high-stress
patellar bar pressure.

Similarly, excessive end-bearing as opposed to proportionally
distributed loading through total surface bearing can result in distal
callusing of the residual limb.33 Calluses are the skin’s protective response

to friction and pressure and generally are not problematic. Calluses are
caused by an accumulation of terminally differentiated keratinocytes
strongly connected by cross-linked proteins in the epidermis.34
Occasionally, excess loads are applied at a pace exceeding the body’s
ability to form a protective callus and an abrasion or blister can form. In
addition, calluses can result in skin ulcers or infection. The dermatologist
can remove problematic calluses, culture tissue for infection, and provide
appropriate treatment. Blisters are usually filled with leached plasma from
cells exposed to shearing near the stratum spinosum; continued prosthetic
use commonly causes blister ruptures. Blisters can be filled with blood and
also can be infected. If infection is suspected, the patient should be
referred to his or her physician. Blisters are initially sterile and should not
be lanced or drained. If they rupture, the skin should not be removed
because this forms a biologic dressing to protect the underlying tissues.
Ulceration
Residual limb ulcers can result from bacterial infections, vascular disease
causing poor cutaneous nutrition, or focused mechanical pressure from the
prosthesis.23,31,33,35 Concerted efforts to resolve ulcers should be made
because long-standing chronic ulcers can become scarred and adherent to
deeper tissues, which can complicate healing and future prosthetic use. If
malignant tissue changes develop in chronic ulcers, referral for biopsy is
indicated. In such cases, additional surgeries expose patients to the risk of
systemic anesthesia with further delays in mobility and prosthetic use.
Irrespective of etiology, residual limb ulcerations should be treated with
prosthetic discontinuation until further evaluation can be performed.
Decubitus ulcers, or bedsores, are most commonly seen on the heels
and sacrum of supine, bedridden patients. Decubiti can develop on any
skin where mechanical pressure is applied focally over a bony prominence.
With lower limb prostheses, a poorly fit or aligned socket creates focal
pressure and shearing forces over bony prominences (for example, the
tibial tubercle) that have been referred to as “hot spots” (Figure 14, A).
Irritation and inflammation are introduced to superficial skin layers (stage
I; National Pressure Ulcer Advisory Panel Pressure Ulcer Staging System).
Continued loading further degrades skin integrity, allowing the ulcer to
erode deeper into the epidermis or dermis (stage II), then into the
subcutaneous fascial layers (stage III), and eventually to muscle or bone
(stage IV). Sensory deficits compound this problem and are more

commonly seen in patients with diabetes and vascular disease. When
protective pain sensation is absent, ambulation continues and the pressure
sore is further aggravated (Figure 14, B through D).

Figure 14

Photographs of decubitus ulcer stages. A, Stage
I: classic hot spot over the medial femoral condyle. B, Stage II:
breach of the epidermis. C, Stage III: penetration into the
subcutaneous tissue layers. D, Stage IV: purulent discharge
with erosion into muscle tissue.

Verrucous Hyperplasia
Verrucous hyperplasia, or lymphostasis papillomatosis, is a wartyappearing growth at the distal end of the amputated limb11,36 (Figure 15).
Human papilloma virus (HPV), which causes cutaneous warts, including
genital and common warts as well as lymphatic stasis, has been proposed
to precede verrucous hyperplasia. However, many studies failed to isolate
any viral particles, and the condition is almost exclusively a problem in the
distal residual limb skin of amputees. The condition seems to be the result
of a proximal constriction and lack of contact or appropriate contact
pressures distally.11,36,37 The proximal constriction seems to reduce the
amount of cutaneous venous, lymphatic, and interstitial fluid return to
proximal circulation. The lack of distal contact and additional fluid
presence permits distal congestion, contributing to the warty appearance.
The differential diagnosis could include HPV infection, squamous cell
carcinoma, or lymphangiosarcoma. Treatment for verrucous hyperplasia is
generally agreed to be compression, restoration of distal contact, and
optimization of the fit of the prosthetic device.

Figure 15

Photograph of patient with bilateral amputation
demonstrates verrucous hyperplasia secondary to proximal
constriction from prostheses and inability to achieve total
contact distally. This severe presentation indicates the need for
a medical evaluation to rule out malignancy. Prosthetic
management includes compression when not wearing
prostheses and refitting prostheses to assure total contact
without proximal constriction. (Courtesy of Heikki Uustal, MD,
Edison, NJ.)

In the 1980s, Levy reported that topical preparations, radiotherapies,
antibiotics, and evaluations by multiple specialists did not result in
adequate resolution of verrucous hyperplasis.11 Levy9,11 reported on total
surface bearing, hydrostatic socket designs, and specific weight-bearing
socket designs that minimized distal contact and preferentially loaded
proximal tissues, constricting fluid exchange while creating a space of low
resistance in the distal end of the residual limb.9,11,38 These were the
standard of care for socket technologies at the time and, as a result,
verrucous hyperplasia was probably far more common, although no
epidemiologic data exist to link socket type to verrucous hyperplasia.
Nonetheless, successful management has been seen with compression and
optimizing socket fit.

Figure 16

A, Photograph of seborrheic keratosis. B,
Dermoscopic image of the seborrheic keratosis demonstrates
classic findings of comedo-like crypts (red arrows), fingerprintlike structure (blue circle), and white milia-like cysts (yellow
arrows).

Contemporary attempts to more uniformly load the residual limb seem
to minimize this condition. However, a poorly fitted socket or rapid weight
gain can create the proximal restriction and distal low-pressure
environment that creates verrucous hyperplasia. The condition still occurs
but is less common. If an acute situation develops that creates proximal
socket constriction and distal contact pressure decreases, immediate action
should be taken to prevent the development of verrucous hyperplasia.
Maintaining residual limb compression when out of the socket (with
wrapping or a residual limb shrinker) and distal socket padding during
prosthetic use are recommendations to consider while the patient’s weight
change and new socket are being managed. Chronic lesions or abnormally
presenting lesions should be cultured for infection and biopsied. These
lesions can be associated with malignancy. Levy9 reported the
development of squamous cell carcinoma in the residual limb skin that
extended into the bone in patients with chronic verrucous hyperplasia
complicated by extensive ulceration and infection.9,39

Tumor
Tumor, a Latin-derived term that means to swell, is often used
interchangeably with neoplasia but is not synonymous with cancer. Cancer
implies a malignant growth into surrounding or distant tissues (metastasis)
that can alter the function of those structures. Tumors are simply an

abnormal proliferation of cellular growth that is theoretically initiated from
an individual cell and may not necessarily invade any surrounding
structures or alter their function. Benign tumors do not infiltrate into
surrounding organs or typically alter function as opposed to malignant
tumors that result in cancer.
Normally, each cell has a strictly governed growth cycle with a series
of suppressive checks and balances. When a cell begins to express
dysplastic or metaplastic changes, these protective processes (for example,
tumor suppressor protein p53) halt cellular growth to initiate repair and are
usually successful. In the event of numerous errors or an inability to repair
the damage, the cell’s final opportunity to prevent cancer formation is by
preprogrammed cellular death, termed apoptosis. Apoptosis destroys the
abnormal cell for the greater good of the host. However, if the cell evades
the cell cycle checks and balances as well as apoptosis, it can replicate and
produce many clones that harbor the same mutations as the parent cell or
form many more mutations, resulting in tumor growth. A complete
discussion of carcinogenesis and all tumors that can affect the skin is
beyond the scope of this chapter. A select few are more prevalent in a
patient with an amputation.
Benign Tumors
Seborrheic Keratoses
Seborrheic keratoses are an extremely common, almost universal growth
seen on the skin of mature adults. Seborrheic keratoses are equally
prevalent in men and women, with a higher incidence in Caucasian
patients. Seborrheic keratoses begin to appear after the fourth decade of
life and increase in frequency with age, but they may occur at a younger
age in individuals who have excessive exposure to ultraviolet radiation. A
benign clonal proliferation of keratinocytes is the most likely underlying
etiology.40 These common lesions are clinically recognized as a
hyperpigmented waxy growth with a “stuck-on” appearance that are
generally several millimeters in size but can be as large as several
centimeters (Figure 16). Although they may have a warty appearance,
HPV has rarely been identified. Consultation with a dermatologist can
confirm the diagnosis and reassure the patient. This course of action is
recommended for most lesions, but removal with curettage or cryosurgery
is reasonable if the lesion is irritated or inflamed. Because differentiating
these benign growths from true warts or even malignant melanoma can be

difficult, evaluation by a dermatologist is recommended. Similarly, a
sudden eruption of dozens of seborrheic keratoses or rapid increase in their
size is a sign of internal malignancy (Leser-Trélat sign) and should be
referred to the patient’s primary care physician or dermatologist.
Another benign growth described in patients with an amputation is a
fibroepithelial polyp, also called acrochordon or skin tag. Acrochordons
are small, 1 to 3 mm of skin-colored to hyperpigmented pedunculated
growths that tend to occur on sites of friction and favor the eyelids, axilla,
neck, and groin. Friction and weight gain are associated with these lesions,
and they can occur within invaginated residual limb scars or a poorly fitted
prosthesis. Skin tags have also been labeled as a marker for diabetes
mellitus.41 Treatment is not necessary because they are only of cosmetic
importance, although snip removal can be performed if they become
irritated or inflamed.
Neuromas
After amputation of a distal limb, a potentially painful nerve growth from
the distal end of a severed major nerve, termed a neuroma, can develop;
however, phantom limb pain can be difficult to distinguish by clinical
symptoms alone. Neuromas do not appear immediately postoperatively.
Most patients use their prosthesis for approximately 9 months before the
occurrence of pain, which suggests that a neuroma has formed. Although
this delayed presentation represents the time needed for the neuroma to
grow, it also suggests that irritation and inflammation from prosthetic use
could be required to initiate symptoms or at least be an important
contributing factor. Nonsurgical management should be attempted to
improve fit and offload the tender area; however, many of these patients
will require an additional surgery to remove the tumor. After excision of a
painful neuroma, most patients return to prosthesis use by 3 months, and
all patients studied in a large series were satisfied with the surgery and
ultimately free of pain.42,43
Cyst
A true cyst is defined as having an epithelial lining; epidermoid cysts are
the most common type of cutaneous cysts. Patients often present for
treatment when the lesions are large, irritated, infected, or for purely
cosmetic concerns. The lesions range in size from a few millimeters, called
milia, to several centimeters. Epidermal cysts are typically asymptomatic

and usually have a large, dilated, keratin-filled pore above them. However,
if the keratinous debris within the cyst ruptures into the surrounding
dermis, an intense inflammatory reaction results and produces a foul odor
if it drains onto the skin surface. Pathogenesis from keratin plugs, often
with inflammation within the hair follicles of the residual limb, is cited as
a cause for epidermoid cyst formation. Forcing epidermal cells into the
dermis, as seen with trauma to the hair follicle, can also contribute to cyst
formation. In either case, the infundibular portion of the hair follicle is the
suspected site of cyst origin or proliferation. Epidermoid cysts also are
called epidermal cyst, epidermal inclusion cyst, infundibular cyst, and
keratin cyst.
In nonamputees, these cysts tend to occur on the trunk but can appear
in any location and often go completely unnoticed. In prosthesis users,
these cysts have been most commonly reported at locations where trim
lines terminate and are thought to be caused by trauma with frictional
forces. Commonly affected areas in transfemoral amputees are the hip
region, the proximal adductor thigh, the inguinal crease, and the ischial
region. In the transtibial amputee, skin over the pretibial muscle group has
been implicated and is possibly associated with contraction of these
muscles, which causes stress between pretibial skin and the socket wall
during gait. Forces generated from prosthetic use are thought to create an
epidermal tissue plug comprised predominantly of keratin. Continued
prosthetic use generates forces that drive the keratin plug deeper into the
hair follicle. The keratin plug can act as a foreign body to initiate an
inflammatory response with infundibular proliferation, resulting in a cyst.
The larger the cyst, the more painful and eventually debilitating the cyst
becomes because of repeated rubbing at the prosthetic interface. Cysts can
persist, resulting in infection, abscess formation, ulceration, and scarring
complicating prosthetic use, function, and ambulation.9
The preferred intervention is surgical removal (excision).11,26
Infections should be treated as described previously in this chapter.
Restoring appropriate interface pressure is necessary to facilitate breaking
a chronic repetitive cycle of cyst formation. Pressures can be minimized or
more optimally distributed with appropriately selected interface materials,
proper fit and alignment, and good hygiene practices. Other considerations
for management include occasional removal of the prosthesis during
prolonged periods of use and the adoption of good hygiene practices to
remove keratin and debris that could potentially occlude follicles.

Malignant Tumors
Squamous Cell Carcinoma
Although rare, squamous cell carcinoma is the most commonly
documented malignant tumor affecting the residual limbs of amputees, and
it is the second-most common malignant skin cancer overall.44 The cells
originate in the relatively flat squamous keratinocytes of the epidermis. In
nonamputated patients, cellular mutations most commonly result from
chronic ultraviolet exposure and are responsible for approximately
700,000 cases of squamous cell carcinoma and 2,500 deaths annually.
Squamous cell carcinoma is almost three times more prevalent in males
than females and is more common in people with fair skin who are older
than 50 years. Immunosuppressed patients have at least a 65-fold increased
risk for developing squamous cell carcinoma.45 Other risk factors include
smoking, HPV infection, prior skin cancers, radiation, arsenic exposure,
lymphedema, chronic sores, chronic inflammation, chronic ulceration, and
scarring.46-48
A distinct subset of squamous cell carcinoma forms a verrucoid
appearance, termed verrucous carcinoma, and has been documented in the
residual limbs of amputees. Because these lesions are clinically similar to
verrucous hyperplasia or viral HPV infections, a biopsy and possibly a
skin culture should be performed on chronic warty lesions to exclude
potential malignancy. HPV has been isolated in and is a predisposing
factor for verrucous carcinoma. Excision of the affected tissue is the
treatment of choice, but residual limb revision resulting in a more proximal
amputation could be required.
Scar Formation
Scar formation is expected in patients with surgical amputations, but
chronic inflammation and chronic ulcerations increase cellular mutations
resulting in tumorigenesis, also termed a Marjolin ulcer. Marjolin ulcers
were initially described in burn scars that resulted in squamous cell
carcinoma, but other less common malignancies also have been described,
including basal cell carcinoma, malignant melanoma, and sarcoma.46,49
Stewart-Treves syndrome is a rare, deadly lymphangiosarcoma that
derives from chronic lymphedema and was initially described after radical
mastectomies for patients with breast cancer.50,51 The term StewartTreves syndrome has since been used more broadly to describe
lymphangiosarcomas that originate in any lymphedematous region,

whether congenital or acquired. Technically, lymphangiosarcoma is a
poorly chosen term because the cancerous cells appear to originate from
blood vessels, not lymphatic vessels. A more accurate term,
hemangiosarcoma, has been recommended for this condition.52 Therefore,
patients with nonhealing lesions on the residual limb, especially in the
presence of edema, must be referred for evaluation by a physician.

Other Skin Conditions
A basic understanding of the most common dermatoses in amputees is
crucial to management. Occasionally, a patient presents with atypical skin
signs or symptoms. Referral to a dermatologist is always recommended if
the presentation is unclear. Eczematous presentations on the chest and leg
are commonly and routinely seen by dermatologists; however, these rashes
are not as problematic to nonamputees because their function and mobility
are usually unimpaired. However, misdiagnosing a systemic condition in
the amputee because of localized complications could needlessly impair
component selection, access to appropriate treatment, prosthetic use,
function, and mobility.
Levy9,11 described most skin conditions in amputees as environmental,
with hygiene being an element, thus necessitating changes to the prosthetic
environment and hygienic practices. Although some componentry and
socket theories have evolved and changed, these principles remain
unchanged. The occlusive artificial environment and fit within a prosthetic
socket are still major factors in setting up dermatologic maladies, and good
hygiene practices remain the cornerstone of management. Mechanical
stress (friction, pressure) is a major contributor to dermatoses in
individuals using a prosthesis, and gel liners introduced a new array of
skin challenges.
Pruritus
Pruritus is the cutaneous sensation that results in the desire to scratch and
is the most common symptom affecting the skin.14 Because the neurologic
pathways that transmit itch and pain sensations are the same, an itch could
be simply a misinterpretation of mild pain. Pruritus can present without
any visible lesions. Typically, an associated primary cutaneous condition
exists, although systemic conditions involving the kidneys, liver, nervous
system, and blood cancers (such as leukemia) are possible. The many
causes of itching are beyond the scope of this chapter. Itching often results

in secondary skin lesions such as excoriations and lichenification.
Excoriations can result in pain, cutaneous infections, scars, and a host of
additional problems from a compromised skin barrier. Lichenification was
discussed previously regarding friction, but other selected pruritic
etiologies common to persons with limb loss include xerosis and scar
formation. It is imperative to identify and treat the underlying cause of
pruritus as first-line management. If no improvement occurs within 2
weeks of nonsurgical treatment, the severity of symptoms awaken the
patient from sleep, or systemic symptoms are present, the patient should be
referred to a physician for a systematic evaluation. It is reasonable to
recommend a trial of common antipruritic therapies such as a cold
compress for 10 to 15 minutes several times per day (note that ice should
not come in direct contact with the skin because this can result in
necrosis), emollients, camphor-menthol, pramoxine hydrochloride, or
systemic over-the-counter antihistamines.
Dry Skin
Xerosis is an extremely common condition associated with pruritus and
affects approximately 75% of individuals older than 64 years.14,53 Xerosis
was the most common skin condition observed in a report of 261
outpatient lower limb prosthetic visits but was rarely the primary reason
for visiting the prosthetist or other provider.23 Xerosis is identified by dry,
scaly, rough, and possibly itchy skin. Xerosis affects the limbs more than
the trunk and is more prevalent in the winter. Xerosis is routinely managed
with good hygiene practices and skin moisturizers such as emollients or
humectants. A common inciting example is a prolonged hot bath,
excessive washing with soap, and concluding with brisk towel drying by
pulling the towel back and forth along the skin. Long, hot tub baths
provide short-term symptom relief but heat exacerbates itch and actually
removes additional moisture from the skin, increasing desquamation.14
Dragging a towel across the skin for drying removes potentially protective
superficial epidermal cells and increases friction and dermatitis.
Over-the-counter moisturizers should be applied as instructed on the
product label because most help to slow transepidermal water loss.
Specifically, a technique referred to as the soak and smear method is
recommended for individuals with dry skin.54 A lukewarm bath of slightly
longer duration should be taken in the evening using a mild fragrance-free
soap or synthetic detergent if the skin is dirty, followed by patting dry with

a towel. A slight amount of moisture should remain on the skin, which can
be locked in by applying a moisturizer, preferably with an ointment base
such as petrolatum. Similar length and temperature showers or shorter
baths have not shown the same benefit. In addition, soaking in chlorinated
water, such as sitting in a pool or hot tub, results in increased irritation.54
Unless otherwise instructed, a moisturizing lotion should not be applied to
open lesions. In prosthetic management, applying a moisturizer on the
residual limb immediately before donning a gel liner is not recommended.
In such cases, liners with integrated emollients or moisturizers would be
preferable but could become a potential chemical irritant. Introduction of
new components or chemicals requires skin monitoring for reaction.
Another helpful management strategy is the use of an air humidifier in the
bedroom. Management of xerosis commonly has a seasonal element and is
generally resolved by modified hygiene practices. Patients should be
reminded to seek medical advice if symptoms do not improve or become
worse.

Figure 17

A, Photograph of a well-healed, minimally
noticeable scar positioned anteriorly and distally on a transtibial

residual limb. Scar is characteristic of a typical transtibial
amputation with long-posterior flap closure. B, Photograph of a
residual limb with mottled, dry distal tissue and excess skin
flaps with invaginated scarring. This limb will be susceptible to
intertriginous lesions in the posterior skin folds and scar area.
Photographs of an acute, postoperative skin graft covering a
residual limb (C) and subacute scarring (D).

Scars
Scars can be a common source of symptoms affecting the residual limb
and are an inherent complication of surgery. After the initial amputation,
the inflammatory stage of wound healing begins almost immediately
(Figure 17). Platelets are the primary player during initial healing and are
responsible for platelet-derived growth factor, transforming growth factors
(TGFs), fibronectin to serve as a provisionary matrix, and other
chemoattractants to aid the increase in vascular permeability, which allows
white blood cells such as neutrophils and macrophages to clean the wound
and reduce the risk of infection. After approximately 5 days, the
proliferative or granulation stage of healing begins, and keratinocytes
become the primary cells in healing. These epidermal cells begin to
leapfrog one another to fill in the wound laterally, as well as from deeper
hair follicles if present. Fibroblasts begin producing type III collagen and
myofibroblasts act on the wound to decrease its area, with maximal
contraction occurring approximately at day 15. Revascularization and
angiogenesis also occur at this time. After approximately 3 weeks, wound
maturation begins, and fibroblasts produce ground substance and more
collagen. As time progresses, mature type I collagen replaces type III
collagen, and the strength of the scar improves. After 1 year, the scar is
fully mature, with a peak strength of approximately 75% of preamputation
strength; the strength of normal skin is never obtained.55
After primary healing, consultation with a physical therapist for scar
desensitization and myofascial manipulation can help optimize scar
strength and healing.56 Itching, irritation, and pain are common symptoms
related to scar tissue, even if the scar has an ideal appearance. If possible,
it is recommended to plan a surgical scar within the Langer cleavage lines,
because underlying muscles generally run perpendicular and collagen
orientation is primarily parallel to these natural skin creases. These tension
lines are more apparent with age, smoking, and sun exposure. Cutting the
skin parallel to these lines generally results in a more aesthetically

appealing fine scar, and scars widen when these lines are violated.
However, removing tension is the most important factor because highstress areas can impede blood flow, scar maturation, and overall healing;
therefore, crossing cleavage lines may be necessary to relieve tension and
optimize healing.57 Many surgical procedures are performed urgently or
even emergently to prevent mortality. Underlying comorbidities, smoking,
nutritional status, suture selection, undermining, and many other technical
aspects of closure have all been known to affect the final outcome of
healing and scar formation. Healing should result in a normal, flat,
asymptomatic scar. However, the end result may be an atrophic scar,
hypertrophic scar, or keloid. Scars can also break down, ulcerate, or harbor
chronic inflammation and even tumor formation. Thin or atrophic scars
generally have a white or nearly transparent look with a flat epidermis and
very thin dermis so that underlying blood vessels can be seen.
Hypertrophic scars are typically elevated above the skin but not beyond
the borders of the inciting trauma, whereas keloid scars have abnormally
enlarged collagen bundles that extend beyond the initial site of injury.
Hypertrophic scars and keloids are responsible for most mature scarrelated symptoms and treatment is often disappointing. Over-the-counter
silicone has shown benefit in several studies, but intralesional
corticosteroids have proved to be the most effective treatment in the
experience of this chapter’s authors. Laser treatments are effective for
some scars. Erythematous scars, which are typically younger, improve
with treatments using approximately 585-nm-wavelength lasers. Scar
revisions are another management option but are beyond the scope of this
chapter. Improvement would not be expected if no substantial
improvement was reported in the underlying or associated comorbidities
previously described. Scar-free healing in humans occurs naturally in utero
but does not normally occur otherwise. Nevertheless, this exciting
possibility is the focus of intense study and several researchers have
documented scar-free healing by altering the chemical wound environment
in murine models by decreasing platelet-derived growth factor,
neutralizing TGF-β1 or TGF-β2, adding exogenous TGF-β3, or using
mesenchymal stem cells.58,59
Sweating
Hyperhidrosis
Hyperhidrosis is a condition characterized by an abnormal increase in

perspiration beyond the typical quantity required for thermoregulation. It
can be associated with burden to quality of life from multiple perspectives,
including psychoemotional and social domains.60 Sweat glands tend to be
highly concentrated in the areas of the hands, feet, axilla, and groin,
causing the most perspiration in these locations. Primary (or focal)
hyperhidrosis occurs with localized sweating (for example, from the scalp,
hands, or feet). This tends to begin in adolescence and has a familial or
genetic component. Alternatively, secondary (or generalized)
hyperhidrosis occurs with total body involvement. Secondary
hyperhidrosis can start at any point in life, is less likely to be strongly
inherited, and could be the consequence of another systemic condition
(such as diabetes, thyroid disorders, or menopause). The cause of
hyperhidrosis can remain elusive, but sympathetic overactivity is involved
and the condition is generally worse in individuals with anxiety. Nutrition
and food supplements (such as stimulants) have been found to play a role,
as can other sensory stimuli (such as noises and smells).11,61
Heat loss in normally intact skin occurs by radiation, conduction,
convection, and evaporation. Radiation is the transfer of heat from one
object to another without contact. At room temperature with normal
humidity, 60% to 65% of body heat is removed via radiation. However,
ambient temperature is a major factor influencing vasomotor responses
influencing radiation whereby colder temperatures cause vasoconstriction
and heat is conserved. Contact with a prosthesis impairs radiation heat
loss. Similarly, convection requires moving air to remove heat and
prosthesis-to-skin contact prohibits air movement and convection. The
process of conduction exchanges heat between two contacting surfaces.11
This functions clearly in prosthesis users as interface materials warm up to
body temperature and likely maintain it along with any additional
temperature elevations resulting from additional factors associated with
movement. Evaporation of perspiration from skin is another heat transfer
pathway that is impaired during prosthetic use.
Reflex sweating is total-body sweating that occurs when any single
body part is exposed to the threshold temperature that triggers sweat
production. The condition is associated more commonly with spinal cord
injury but has been seen in association with amputation.11,62 Reflex
sweating induces perspiration in other places of the body even if all other
body parts are below the temperature threshold for sweat production. With
conduction and impairment of all other heat exchange pathways, residual

limb skin temperatures can indicate perspiration is necessary, but the
amputee’s sound limb, hands, and head, which are at a comfortable, sub–
sweat production temperature, may begin perspiring.11 Simply donning a
prosthesis at rest can increase residual limb skin temperature by a
perceptible 0.5° to 1.0°C.25 Walking can therefore easily increase residual
limb skin temperatures into the perspiration range. After walking, a 2.0°C
reduction or more in temperature is required for amputees to begin to
perceive cooling, although they can detect a temperature increase as low as
0.5°C. Amputees who use prostheses are likely to feel warmer and
experience total-body reflex sweating at higher rates than nonamputees.
First-line treatment involves using over-the-counter topical
antiperspirants, not deodorants, containing aluminum ions (for example,
aluminum zirconium, aluminum chloride, aluminum hydroxy bromide),
which have proved satisfactory in most patients by temporarily occluding
sweat gland pores. This is generally initiated with once-daily application at
night because of the relative inactivity of sweat glands. After
approximately 2 weeks, the patient slowly increases the number of nights
between applications to maintain symptom control, ideally once per
week.61 Mild associated irritation or dermatitis is treated with sporadic use
of over-the-counter hydrocortisone as needed. The skin should be dry
before application because moisture could result in the formation of
irritating hydrochloric acid; therefore, washing just before application
should be avoided.
Prescription-strength aluminum chloride may be necessary or
switching to other topical preparations such as anticholinergics, boric acid,
2% to 5% tannic acid solutions, resorcinol, or potassium permanganate,
although each substance has drawbacks. In some patients, systemic
anticholinergics (such as glycopyrrolate) are effective but associated with
adverse events, including blurred vision, dry mouth, difficulty with
micturition, and constipation. Although potentially costly and painful
because of the necessity of multiple injection sites, some patients have
been treated with neuromodulating toxins;63-66 minor muscle weakness
secondary to diffusion can occur.67 Laser epilation has been recently used
as a successful treatment option in axillary hyperhidrosis; therefore, the
authors of this chapter postulate that improvement in hyperhidrosis could
be possible in a residual limb. It would be reasonable to treat the area of
the residual limb–prosthesis interface using a 1064- to 1320-nm Nd:YAG
laser.68-70

Odor
Apocrine sweat is secreted as an odorless, sterile substance; however,
certain bacteria (for example, Micrococcus and Corynebacterium) modify
the secretion resulting in a sweaty or rancid smell, termed bromhidrosis.12
Eccrine secretions are also odorless but can soften the skin allowing
bacteria to break down keratin, which also results in an unpleasant odor.
Eccrine bromhidrosis also has been described secondary to ingestion of
medications (such as bromides), foods (such as garlic), or other metabolic
abnormalities. When helping the amputee to assess and manage reports of
odor, the most important aspect is to ensure good hygiene. Obtaining a
thorough diet and medication history also is encouraged to minimize
ingestion of known provocative substances. Topical antimicrobial
cleansers, prescription antibiotics, or a new glycine-soja sterocomplex
agent that has demonstrated promising results can be attempted for clinical
improvement.71 Odor can emanate from parts of the prosthesis not subject
to daily hygiene. In cases of persistent odor, those prosthetic elements
should be investigated by the prosthetist. Such places include the areas
between the flexible interface, the rigid frame, and between the foot shell
and foot structure.

Classification Systems
Initially, proper recognition and identification of skin problems is
important. Classification is also necessary to facilitate interprofessional
dialog and research. A lack of uniform classification of skin problems is
one reason that it is difficult to aggregate epidemiologic data from multiple
studies.5 Some studies refer to skin problems by their diagnosis, by some
description of the presenting problem, or a combination of both.7,33 A
classification system has been proposed that uses either morphology or the
etiology of the amputee’s skin problems.5 Both have merit and either can
apply, depending on the specific clinical or research question to be
answered. However, the etiology of problems can be difficult or even
impossible to determine. Therefore, the authors of this chapter consider the
morphologic approach to be superior and more useful in both clinical and
research settings. Although the morphologic classification is reasonable, it
can result in some confusion; for example, infections are listed as both a
morphologic issue and can be included in the larger problem list. Creating
a classification schema is difficult but necessary. The authors of this

chapter suggest the use of a descriptive classification for future
interprofessional dialog and research (Table 1).

Summary
The prevalence of dermatoses in individuals with amputation differs from
that in the general population, as well as the most prevalent skin conditions
reported. Because prosthetic use increases skin problems, prosthetists and
other rehabilitation practitioners must be able to help patients prevent
them. When prevention is not possible, those providing care must
recognize and manage the skin problems that occur frequently in this
unique population. Skin problems refractory to routine management or
beyond the scope of the prosthetist should be referred to the primary care
physician or, ideally, a dermatologist. It is vital to include as much
information as possible with the referral, including exposures to prosthetic
materials and cleaners as well as interventions that have been tried, any
changes that have been made, and how long the problem has persisted.
Prosthetic disuse may be part of the management plan. Interdisciplinary
communication and collaboration ultimately optimize care in such
patients.
Table 1 Diagnostic Summary of Dermatoses in Amputees
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Abstract
Although restoring independence and mobility after amputation is a primary
focus of rehabilitation, providers who care for individuals with major limb
loss should be aware of the long-term health consequences of living with
amputation. Evidence indicates that aging with limb loss leads to increased
morbidity and mortality from both medical and musculoskeletal
complications. It is helpful to be aware of the long-term health risks
associated with major limb amputation as well as the pathophysiologic and
biomechanical basis for these increased risks. Familiarity with these
secondary effects may help guide optimal management in the acute,
subacute, and chronic phases of caring for individuals with amputation,
including reducing potential modifiable risk factors, educating patients and
families, promoting proper body biomechanics, and optimizing the
prescriptions of advanced technologies to help mitigate long-term risks.
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Introduction
Although most healthcare providers recognize the immediate challenges

for individuals with major limb loss, the long-term health consequences
associated with acquired limb amputation are frequently underestimated.
Restoring mobility and promoting independence with activities of daily
living are often the primary focus for both surgical and rehabilitation
teams caring for individuals with upper and/or lower limb loss. Issues such
as phantom limb pain, prosthetic comfort, and residual limb health may
receive more focus than other general health conditions, including diet,
exercise, obesity, tobacco use, hypertension, hypercholesterolemia,
diabetes, and cardiac disease. In addition, many patients only seek medical
attention for problems related to their amputation and may not undergo
regular health examinations. Therefore, it is important for all practitioners
who interact with individuals with limb loss to be aware of the long-term
health risks associated with amputation and to reinforce the importance of
a healthy lifestyle, proper diet, exercise, avoidance of tobacco products,
and regular wellness evaluations.
Reports have indicated that the risk for the development of numerous
medical and musculoskeletal complications is increased in individuals with
major limb loss.1 Hrubec and Ryder2 conducted a study commissioned by
the US Congress after World War II and reported that the relative risk for
death by cardiac disease was 1.6 times greater for veterans with unilateral
transfemoral amputation and 3.5 times greater for those with bilateral
transfemoral amputation when compared with age-matched control
patients with other injuries. Similar findings have been observed for other
medical conditions, including long-term musculoskeletal and skin
problems. This chapter briefly discusses several complications to highlight
their importance in the overall care and well-being of individuals with
major limb loss.

Cardiovascular Complications
The prevalence of concomitant cardiovascular disease among patients with
acquired lower limb amputation as the result of peripheral vascular disease
(PVD) has been estimated to be as high as 75%.3 In particular, the
presence of coronary artery disease, myocardial infarction, congestive
heart failure, arrhythmias, abnormal electrocardiographic results, and
previous stroke have been associated with perioperative and postoperative
mortality.4 Kannel et al5 suggested that the loss of a limb because of
impaired circulation is a lesser concern for individuals with severe PVD

than the morbidity and mortality associated with congestive heart failure,
coronary artery disease, and stroke. Huang et al6 observed 82 patients with
symptomatic peripheral artery disease (mean age ± SD, 61.0 ± 12.4 years)
and reported that within 21 ± 11 months, 29 patients (35%) underwent
amputation and 24 patients (29%) died. Every effort should be made to
maximize cardiac function before amputation surgery, whether using
pharmacologic- or revascularization-based therapies.
The rehabilitation of patients who undergo dysvascular-related
amputation is particularly challenging because of the high prevalence of
associated cardiovascular disease. Preoperative impaired mobility is
common among patients with vascular disease, particularly those with
associated skin ulceration or symptoms of claudication. Perioperative bed
rest, especially in the setting of surgical complications such as wound
dehiscence, infection, or venous thrombosis, further contributes to both
cardiovascular and musculoskeletal deconditioning. The physiologic
effects of deconditioning coupled with the increased metabolic demands
required to walk with a transtibial prosthesis (9% to 33% greater
demands)7 or a transfemoral prosthesis (27% to 89% less efficient)8 also
complicate the patient’s likelihood of achieving higher levels of
ambulation. Davies and Datta9 reported that only 66% of individuals with
dysvascular-related transtibial amputation achieved independent
household-level ambulation and only 54% achieved community-level
independence; for those with transfemoral amputation, 50% and 29%
achieved household and community ambulation, respectively. Even with
these challenges, rehabilitation strategies that incorporate specific
programs to treat the unique medical issues of each patient can often be
effective, especially those that incorporate cardiovascular reconditioning
with the traditional approaches of prosthetic fitting and training.10
Effective rehabilitation strategies also should include adherence to
appropriate cardiac precautions such as target levels for heart rate and
blood pressure, along with oxygenation monitoring. Although evidence
regarding the optimal prosthetic selection is lacking,11 new advancements
in prosthetic components and materials may contribute to enhanced
mobility, independence, and quality of life in this group of patients.
It is generally accepted that individuals with acquired amputations as a
result of PVD also have a high incidence of comorbid cardiovascular
disease; however, there is a greater lifetime risk of cardiovascular disease
developing in individuals with trauma-related amputation when compared

with their aged-matched peers.2,12 Hrubec and Ryder2 reported a
substantially higher incidence of cardiovascular disease in World War II
veterans with traumatic lower limb amputations. In addition, an analysis of
Israeli veterans found similar results, reporting a twofold increase in the
cardiovascular disease mortality rate in amputees when compared with a
control group matched for age and ethnicity (8.9% versus 3.8%; P <
0.001).12 Although the increased risk of cardiovascular disease may be
secondary to factors such as hyperglycemia, hypertension, abdominal
obesity, hypercholesterolemia, and hyperlipidemia because of lifestyle and
activity restrictions,13 other physiologic and psychologic factors also can
play an important role. Naschitz and Lenger14 conducted a literature
review on possible contributing factors for the development of
cardiovascular disease in individuals with traumatic leg amputation. These
factors can be behavioral (tobacco and alcohol use); psychologic,
especially related to posttraumatic stress (elevated stress hormones and
proinflammatory cytokines); social and environmental barriers (resulting
in isolation, decreased physical activity, and obesity); dysregulation factors
(insulin resistance, sympathetic hyperactivity); and hemodynamic
(perturbed arterial flow proximal to the amputation site resulting in intimal
wall damage and secondary atherosclerosis). Given the profound influence
that cardiovascular disease has on overall morbidity and mortality rates,
every effort should be made to mitigate modifying risk factors when caring
for individuals with limb loss.
Individuals with lower limb amputation have also been found to have a
higher incidence of abdominal aortic aneurysm. Vollmar et al15
prospectively evaluated 1,031 male World War II veterans (329 with
transfemoral amputation and 702 without amputation). Both groups had
comparable arteriosclerotic risk factors, but 5.8% of those with amputation
had an abdominal aortic aneurysm, compared with 1.1% of control patients
(as confirmed by duplex scanning or arteriography). The increased risk of
abdominal aortic aneurysm was attributed to the abnormal hydraulic forces
created within the infrarenal aorta as a result of the asymmetric arterial
blood flow to the lower limbs after amputation. Therefore, it has been
suggested that individuals with lower limb amputation, particularly at a
transfemoral or higher level, should undergo regular follow-up evaluations
to assess the presence of abdominal aortic aneurysm.16

Diabetes

Diabetes is the leading cause of nontraumatic lower limb amputation.
Although the incidence of amputation in patients with diabetes varies
widely across different industrialized and nonindustrialized nations,
studies estimate that the presence of diabetes increases the relative risk of
amputation by a factor of 15 to 20.17,18 This risk also varies across ethnic
and socioeconomically diverse groups.19 A study by Resnick et al20
reported that the 8-year cumulative incidence of lower limb amputation for
American Indians with diabetes was 4.4% and that increased risk was
associated with male sex, renal dysfunction, increased ankle-brachial
index, and poor glycemic control.
In 2005, the World Health Organization estimated that with
appropriate basic management and care of diabetes, up to 80% of all
diabetic foot amputations performed were preventable.21 Aggressive,
comprehensive diabetes management, in addition to appropriate screening
and treatment of PVD, can prevent many cases of lower limb amputation.
Although it is generally understood that diabetes increases the risk of
amputation, especially with secondary microvascular disease, the opposite
relationship is less well known. As with cardiovascular disease, diabetes is
more likely to develop in individuals with traumatic amputation as they
age.22 Individuals with amputation have higher resting insulin levels
compared with healthy control patients, which likely reflects a greater
insulin resistance. Moreover, this appears to be independent of body mass
index, blood pressure, and plasma lipid levels.23

Obesity
Weight gain after limb loss can have substantial detrimental effects on
overall health, mobility, and quality of life. Kurdibaylo24 reported that
weight gain is greatest during the first year after amputation; the likelihood
of obesity increases with more proximal lower limb amputation (37.9%,
transtibial; 48.0%, transfemoral) and with bilateral amputation (64.2%). In
addition to the overall health risks associated with obesity, excessive
weight gain also can contribute to additional challenges to mobility, proper
socket fitting (especially with weight fluctuations), and excessive stress on
remaining musculoskeletal structures. Although individuals with upper
limb amputation have been reported to have a higher incidence of overuse
injuries to the shoulders, elbows, and wrists,25 those with lower limb
amputation and associated obesity are also more likely to sustain upper
limb injuries, particularly when relying on their upper limbs for

transferring, wheelchair propulsion, or assisted ambulation. Attention to
caloric intake, maintaining a healthy diet, and regular exercise should be
incorporated into the early treatment of individuals with both upper and
lower limb loss.

Skin Problems
Although upper and lower limb prostheses improve functionality for
patients with amputation, the socket interfaces for these devices have been
reported to be problematic, especially when fitting individuals with short
residual limbs, or those with substantial weight fluctuations, muscular
atrophy, or pressure ulcerations.26-29 Unlike the palms and soles, which
are specifically equipped for bearing high loads, residual limb skin is
considerably thinner, resulting in the high frequency of skin-related
complications associated with prosthesis use.30 The challenges of socket
fitting extend beyond issues of physical comfort and include heat
dissipation, excessive sweating,31,32 skin irritation,33,34 and, for those
with lower limb loss, the inability to walk on challenging terrain.32 One
study investigated skin breakdown in individuals with transfemoral
amputation and reported that 30% of patients (26 of 86) had unhealed
wounds or damaged skin.35 Dudek et al36 retrospectively examined the
charts of 745 patients with 828 lower limb amputations. More than 40%
reported at least one skin problem, but the cause of amputation (trauma
versus PVD) or the presence of comorbid PVD did not correlate with an
increased risk of skin problems. The factors associated with an increased
incidence of skin problems were amputation level (four times more
common in transtibial than transfemoral amputees), being employed or
unemployed compared with the retired study population, and using either a
single cane or no gait aid. Common skin complications included
ulceration, epidermoid cysts, follicular hyperkeratosis, calluses, verrucous
hyperplasia, atopic eczema, bacterial folliculitis (caused by
Staphylococcus aureus), tinea infection (caused by Trichophyton rubrum),
dermatitis, friction erythema, and other rashes.37

Musculoskeletal Complications
Degenerative joint disease and other musculoskeletal overuse injuries also
have been reported as a long-term consequence of major limb loss. Even
with advances in rehabilitation care and prosthetic technology, individuals
with major limb loss reported a considerably higher prevalence of such

conditions, with associated interference in daily activities and reduction in
quality of life.38 The risks of these complications tend to differ by etiology
(traumatic versus vascular), location (upper versus lower limb), and
severity (transfemoral versus transtibial amputation). The risk can be
further influenced by the duration of time postinjury, because most active
ambulators are exposed to continued abnormal body mechanics associated
with long-term prosthesis use. Early recognition of these conditions and a
more thorough understanding of the mechanisms that contribute to these
problems can help guide both rehabilitation and prevention strategies.

Low Back Pain
The frequency and severity of low back pain in individuals with lower
limb loss have been well documented. The estimated prevalence ranges
from 52% to 71%, which is substantially higher than that of the general
population (6% to 33%).39-41 Moreover, a considerable number of
individuals with lower limb amputation reported that their back pain was
more bothersome than their phantom or residual limb pain and more
negatively affected their quality of life.42
Although the etiology of low back pain in most individuals remains
idiopathic, physical (biomechanical) risk factors likely have an effect on
back pain among individuals with lower limb loss. Focus group interviews
have indicated that individuals with lower limb loss perceive uneven
postures and compensatory movements of the back as major contributing
factors to their pain.43 Biomechanical studies report larger, more
asymmetric trunk movements as common gait features secondary to lower
limb loss, including forward trunk flexion and larger sagittal range of
motion, as well as ipsilateral trunk flexion (largest in prosthetic
stance).44,45 Repeated exposure to such abnormal trunk motion can
predispose individuals with lower limb loss to low back pain through
stimulation of embedded nociceptors and/or increasing spinal loads.46
With increasing spinal loads, increased and asymmetric trunk postures and
motion impose higher demands on trunk tissues to offset the gravitational
and inertial demands of the trunk. Trunk muscle responses are particularly
important in responding to spinal loads because of their relatively small
moment arms in relation to external forces and/or moments.47 Such
changes may expose spinal disks to abnormal loading forces, and because
of the cyclic nature of gait, even small increases in load could accelerate
degenerative joint changes over time.48 In addition, the presence of pain is

likely to further influence these responses, resulting in the recurrence and
eventual chronicity of low back pain. Individuals with transfemoral
amputation who have low back pain exhibit larger transverse rotations of
the lumbar spine relative to those without pain.49 These individuals also
have altered coordination and movement variability between the trunk and
the pelvis in the frontal and sagittal planes,50 which are consistent with
able-bodied individuals with low back pain.
Low back pain is not unique to those with lower limb loss. In a survey
of 104 individuals with upper limb loss, 52% reported back pain that was
mild (n = 35), moderate (n = 7), or severe (n = 12).51 These individuals
also reported neck pain (45%), as well as pain in the residual (74%) and
nonamputated (24%) limbs. However, information for understanding the
specific (biomechanical) mechanisms of back pain in populations with
upper limb loss is relatively lacking compared with lower limb loss.
During bipedal gait, the arms are thought to play a role in regulating
angular momentum between the upper and lower body and may contribute
to gait stability.52,53 Biomechanical studies have shown that walking with
a restricted or out-of-phase arm swing increases metabolic cost, alters the
coordination of movements between the trunk and the pelvis, affects trunk
muscle responses, and increases loading in the lower back.54,55
Investigations of unilateral load carriage (carrying a load in one hand)
have demonstrated asymmetric trunk motion, muscle activation, and peak
joint loads.56,57 Upper limb loss may play a similar biomechanical role,
particularly regarding postural and muscular asymmetries, whereas
habitual use of the nonamputated limb during activities of daily living
might support the reported high prevalence of overuse-type injuries and
pain in the nonamputated limb.

Arthritis
Osteoarthritis of the knee and hip joints commonly occurs in older
individuals; however, persons with lower limb loss are at an increased risk
for the development of degenerative disease and associated pain at a much
younger age, particularly in their intact knee and hip joints. Compared
with individuals without amputation, the age and body mass–adjusted
prevalence ratios for intact knee pain or symptomatic arthritis are 1.3 with
transtibial amputation and 3.3 with transfemoral amputation.58 Similarly,
individuals with amputation reported a higher prevalence of hip pain than
the general population (15.3% versus 1.1%).59 These self-reports of pain

are supported by radiographic evidence demonstrating joint
degeneration.60-62
The development of osteoarthritis has been related, in part, to abnormal
and repetitive mechanical loading of the affected joints.63 Individuals with
unilateral lower limb loss use compensational walking strategies, which
transmit larger, more prolonged forces through the intact limb. Limbloading measurements obtained using formal gait analyses indicated larger
peaks, rates, and durations of the vertical ground reaction forces on intact
versus prosthetic limbs and relative to uninjured populations.64,65 Knee
adduction moments are another biomechanical measure reflective of
medial knee joint loading, although perhaps better associated with the
presence and severity of disease than its initiation.66 Nevertheless,
previous investigations have reported greater peak knee adduction
moments in intact versus prosthetic limbs67 and an association with the
presence of knee pain,58 suggesting a potentially greater risk for disease
development and progression over time.68 Prosthetic feet that perform
more positive ankle work at push-off are associated with reductions in
knee adduction moments,69 although active (versus passive) ankle-foot
devices have been shown to provide little benefit regarding biomechanical
risk factors for arthritis among young males with transtibial amputation at
early points in rehabilitation.70 The loss of muscular attachments after
transfemoral amputation can decrease the mean forces across the
ipsilateral (intact side) hip, and this, along with immobilization, can
contribute to osteopenia in the nonamputated limb.61 This reduction in
loading has been related to a fivefold decrease in the likelihood of reported
pain in the remaining joints of the amputated limb.58
The potential occurrence for pathologic joint disorders such as
osteoarthritis has been reported to be based on residual limb length; high
proximal amputations can create pelvic instability,71 and transferring loads
to a socket-type prosthesis can be more difficult.72 Joint disorders also can
be pronounced in patients with high body mass and lower limb
amputations; a 1-lb increase in weight can result in a fourfold increase in
compression force on the knee.73 Kulkarni et al61 corroborated these
biologic principles and noted a threefold increase in the risk of
osteoarthritis in the unaffected limb for those with transfemoral compared
with transtibial amputations. Therefore, prosthesis users may develop
asymmetric gait patterns to alleviate discomfort, with a longer stance
occurring on the unaffected limb and a longer swing on the amputated

limb during ambulation.45

Osteopenia and Osteoporosis
Bone remodeling is tightly regulated by cells, hormones, and enzymes.7476 Although all individuals have cortical and cancellous bone, the quality
and mineralization of these osseous tissues vary based on age, activity
level, and mechanical loading.77-80 Physical forces and a minimal
effective strain are required to maintain proper bone architecture,79 and
underloading can result in osteopenia and osteoporosis. Both of these
skeletal disorders are marked by decreased bone mineral density (BMD)
and changes in conformation.81 Osteopenia and osteoporosis are
traditionally measured using dual-energy x-ray absorptiometry and scored
based on the number of SDs below the mean for young, healthy adults
(osteopenia is measured as a T-score between –1.0 and –2.5; osteoporosis
is measured as a T-score of –2.5 or less).82
Although osteopenia and osteoporosis most frequently occur in elderly
postmenopausal women, limb disuse is a primary cause of bone loss and
secondary osteoporosis.25 Nonphysiologic loading and stress shielding can
dramatically affect bone health, with cortical erosion noted as early as 6
days after amputation.83 In 1929, Barber84 published one of the earliest
cases of delayed healing in amputated limbs and reported that osteoporosis
occurred in the diaphysis of long bones and appeared to have a “motheaten texture.” Other studies have corroborated osteoporosis after
amputation, and results indicated a reduction in total bone width, an
increase in medullary canal width, and a decrease in BMD.85,86 Most
importantly, these factors directly correlated with the time since
amputation, with the most pronounced effects occurring after protracted
periods of unloading.85
The main factor resulting in osteopenia and osteoporosis after
amputation is believed to be the prosthetic suspension system. Although
socket-type prostheses are necessary to restore ambulation, they can
exacerbate muscle and skeletal atrophy after amputation because the forces
exerted on these tissues do not approach the minimal effective strain
threshold.79,87 MRI studies of high transfemoral amputations have
demonstrated pronounced muscle atrophy within the amputated limb for
both the cleaved (atrophy range, 40% to 60%) and intact (atrophy range,
0% to 30%) muscles.45
In the case of unilateral lower limb loss, the nonamputated limb has an

increased likelihood for the development of osteoarthritis, whereas
osteopenia or osteoporosis is most likely to develop in the affected limb.60
Sherk et al88 evaluated transtibial and transfemoral limb loss with agematched control patients and demonstrated substantial decreases in BMD
at the hip and at the distal end of the residual limb. This was most
pronounced in transfemoral amputees. In a study of 75 World War II
veterans, Kulkarni et al61 reported a significant decrease in femoral neck
BMD in the amputated limb (P < 0.0001) and significantly lower BMD in
transfemoral amputees than in transtibial amputees (P = 0.0027) compared
with a normal age- and sex-matched population. Both studies
demonstrated that without further medical and rehabilitation interventions,
individuals with limb loss may be at an increased risk for osteoporosis and
hip fractures. Physical exercise and appropriate prosthetic components are
critical for maintaining bone mass and strength.81

Economic Effects
In addition to the numerous physical complications that can occur after
amputation, there are also economic effects. According to the Amputee
Coalition, a standard transtibial prosthesis that allows the user to stand and
walk on level ground costs approximately $5,000 to $7,000, and a device
that allows the user to become a community walker capable of ascending
and descending stairs and traversing uneven terrain costs approximately
$10,000.89 However, these cost estimates may be underreported because
several socket changes may be necessary within the first 2 years to
accommodate the rapid changes in residual limb volume after
amputation.90
Smith et al91 studied individuals with traumatic transtibial amputation
and reported that a mean of 1.5 years of continuous prosthetic use were
required before an individual was comfortable using a socket, and most
patients required four to five prosthetic devices by 5 years after
amputation. Another study noted that only 10% of amputees could traverse
a crosswalk in the allotted time, and most individuals were unable to walk
continuously for 600 m, the distance required to be an independent
community ambulator.92 These findings increase concern regarding the
functionality of current prosthetic devices and the rising healthcare cost for
patients. Data from these studies indicate that the cost for individuals who
have sustained one major limb loss can exceed $510,000.93 The economic
burden of both limb loss and its associated medical complications can

result in healthcare discrepancies and can substantially burden both
individuals and the entire healthcare system.94

Summary
Major limb amputation is associated with myriad secondary health risks
that can have a substantial negative influence on mobility, morbidity,
mortality, and quality of life. Early rehabilitation after amputation, whether
because of trauma or disease, should emphasize the promotion of
musculoskeletal range of motion, techniques for prosthesis donning and
doffing, proper prosthetic fitting and training, restoration of full range of
motion and strength, cardiovascular conditioning, and learning proper
body biomechanics to mitigate short- and long-term overuse injuries and
secondary musculoskeletal complications. Further understanding of these
related risks and developing effective strategies for mitigation is
paramount to the successful care of individuals with limb loss.
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Chapter 58

Surgical Management of
Residual Limb Complications
LTC Benjamin K. Potter, MD

Abstract
Major limb amputations, regardless of the indication, are fraught with
possible complications. For patients with medical comorbidities and limited
functional potential, complications may devastate an already limited quality
of life or represent preterminal events leading to death. Conversely, many
patients with excellent functional potential cannot achieve their potential
because of persistently symptomatic residual limbs that preclude high-level
prosthetic use and function. Many of the most frequent complications may be
prevented with appropriate patient and amputation-level selections; excellent
surgical technique; sound fitting of the prosthesis; and supervised, graduated
rehabilitation. Other than overt deep infection or frank wound dehiscence,
most complications should be initially managed with a trial of nonsurgical
therapies and serial prosthetic modifications. However, for patients with
persistently symptomatic residual limbs refractory to nonsurgical
management and an identifiable cause(s) for symptoms, limited or complete
revision surgery may dramatically improve residual limb health, prosthesis
use, patient satisfaction, and quality of life.

Keywords: amputation; bursitis; complication; heterotopic
ossification (HO); infection; neuroma; ulceration
Dr. Potter or an immediate family member serves as a board member,
owner, officer, or committee member of the Society of Military Orthopaedic
Surgeons and the American Academy of Orthopaedic Surgeons. The
opinions or assertions contained herein are the private views of the author
and are not to be construed as official or reflecting the views of the
Department of Defense or the US government.

Introduction

Major limb amputations are often a devastating event for patients and their
families. Patients with severe medical comorbidities and limited functional
reserve often become nonambulatory as a result of amputation, and
removal or loss of an injured or diseased limb from younger, healthier
patients with superb functional potential nonetheless may severely affect
their quality of life. The removal of a diseased limb is ostensibly a simple
surgical procedure, but the amputation often results in frequent early and
late complications and, unfortunately, countless potential technical errors.
Although often maligned as simple, ablative endeavors, amputations
should be viewed, approached, and performed as complex reconstructive
procedures that offer a patient the best opportunity for maximal functional
recovery.
The historical dogma that most individuals with an amputation heal,
obtain a prosthesis, and resume normal or somewhat activity-limited lives
is unsupported by the available literature. Rather, ample evidence indicates
that complications and revision procedures remain frequent after
amputation because of a variety of complications.1-4 Outcomes after major
limb amputations are often poor. However, compelling evidence exists that
—particularly when an organic complication or a cause of symptoms is
identified in patients with persistently symptomatic residual limbs—
appropriate complication management or residual limb revision may
relieve symptoms and improve patient function.3,4 Expeditious, focused,
and competent complication management does not necessarily represent a
setback or treatment failure; rather, it presents another opportunity to
optimize patient outcomes and improve quality of life.

Early Complications
Delayed Wound Healing, Marginal Necrosis, and Wound
Dehiscence
Delayed healing, marginal necrosis of the incision, and frank wound
dehiscence represent the most frequent early complications of
amputations. Some form of delayed wound healing may affect up to 40%
of patients with transtibial amputation.5,6 The reasons for delayed wound
healing are numerous. In dysvascular and diabetic populations, decreased
tissue perfusion is frequently responsible. Selection of the appropriate
amputation level and healing potential may be determined with
transcutaneous partial pressure of oxygen measurements (values greater

than 20-30 mm Hg are ideal), an ankle-brachial index (a value greater than
0.5 is ideal), and a clinical evaluation.7 It should be noted that anklebrachial index values may be falsely elevated in some patients with
dysvascular disease and noncompressible, calcified vessels. In patients
with traumatic injuries, infection, or cancer, it is critical to ensure that only
overtly viable tissue flaps are retained and avoid unnecessary
fasciocutaneous flap dissection and stripping. When in doubt, flap viability
should be assessed by gross appearance and visible capillary bleeding with
the tourniquet deflated and/or demonstrated by means of staged
débridement
or
revision
procedures.
Fasciocutaneous
or
myofasciocutaneous flaps also may be assessed intraoperatively with
fluorescent, near-infrared, laser-assisted indocyanine green angiography.8
Although so-called flaps of opportunity (rather than the generally named
and described flaps referenced throughout most of this text) may be used
by necessity in these patient populations, well-vascularized, described
flaps are advocated whenever practicable. Incisional negative pressure
wound therapy has been demonstrated in a randomized trial to improve the
outcomes of orthopaedic fracture wounds at risk and is considered an
adjunct measure after amputation closure.9
Current nutritional status and, when practicable, preoperative
optimization of such status may be critical in improving healing rates and
preventing early complications. Serum albumin levels greater than 3.5
g/dL as well as total lymphocyte counts greater than 1,500 mm3 have been
correlated with improved lower limb amputation healing potential.10,11
For more detailed nutritional assessment, prealbumin levels greater than 20
g/dL serve as a general marker of adequate protein intake.
Delayed healing, in the absence of wound necrosis or overt dehiscence,
should be managed with prolonged suture retention, compressive dressing
and edema control (for example, elastic shrinker stocking), close
monitoring, and nutritional optimization. Margin necrosis may result from
suboptimal surgical technique and may be avoided by using careful tissue
handling and tension-free, layered closure with diligent skin edge eversion.
Minor edge necrosis or focal wound dehiscence often is managed
nonsurgically, with diligent local wound care and close monitoring.
Although complete healing and epithelialization is not an absolute
prerequisite for initial prosthetic fitting and early wear, adequate time for
myodesis and deep tissue healing, as well as documented serial
improvement of wounds both before and after fitting, are required. For

more extensive edge necrosis, a decision must be made regarding the
probable depth of necrosis and the nutritional status and healing potential
of the patient, as well as the mobility of adjacent tissues to determine the
feasibility of wound excision and delayed primary closure. McCullough12
recommended excision of the necrotic areas if they extended more than 12
mm from the incision line. Often, this is achievable with concurrent
revision closure under minimal tension if adequate time has elapsed since
the index procedure so that postoperative edema has largely resolved.

Figure 1

A, Intraoperative photograph of a left transtibial
amputation complicated by a proximal tibial fracture after
medial gastrocnemius flap and dermal substitute placement.
Marginal necrosis of the lateral skin incision and epidermolysis
and partial necrosis of the posterior myofasciocutaneous flap
are seen. B, Intraoperative photograph of a right transfemoral
amputation closed with a long posterior flap complicated by
catastrophic skin necrosis and resulting infection.

When simple excision and closure are not feasible, simple débridement
and healing by secondary intention may be pursued for patients with
superficial necrosis and adequate bone coverage. Patients with overt acute
or progressive wound dehiscence, particularly caused by trauma (for
example, falls onto the residual limb), should be managed with thorough
débridement and revision closure if no evidence of deep infection or
necrosis exists. More extensive, full-thickness necrosis, with or without
dehiscence, frequently requires proximal revision of the amputation
(Figure 1). In nonvasculopathic patients (those with trauma or tumor) for
whom such a revision would require extensive residual limb shortening or
loss of a joint level, candidacy for free tissue transfer should be assessed
by consulting with a microsurgical specialist.

Infection
Wound infections remain common after major limb amputation and are a
concern after amputations for diabetes-related and dysvascular foot
infections. Infection rates ranging from 13% to 34% also have been
reported in several recent studies of trauma-related amputations.2-4
Infection management starts with prevention. Infection risk may ostensibly
be minimized by débriding all nonviable tissue, meticulous flap handling,
appropriate amputation-level selection, sound sterile technique, staged
closures when indicated, perioperative antibiotic administration, and
nutritional optimization. For patients undergoing chemotherapy or those
with HIV infection, an absolute neutrophil count greater than 1,000
cells/mL and rising (that is, the absence of neutropenia) should be
achieved preoperatively whenever possible.
Postoperative fluid collections are common after amputations but are
not necessarily an indication for either drainage or débridement. In a series
of generally older patients, Singh et al13 found a 27% rate of early residual
limb fluid collections, with most resolving within 30 days. In a separate
study of combat-related trauma amputations, Polfer et al14 reported a 55%
rate of early fluid collections; after 3 months, the rate of early fluid
collections decreased to 11%. In the absence of clinical indicators of
infection, such as erythema, fever, and wound drainage, fluid collections
within residual limbs were neither indicative nor predictive of infection.14
Established infections within residual limbs are initially managed like
any other musculoskeletal infection. Superficial infections (such as
cellulitis without copious or purulent wound drainage) should be managed
with antibiotics and close observation. As a rule, deep infections require
formal surgical débridement. In the absence of clinical instability or sepsis
in a patient, broad-spectrum antibiotics should not be used preoperatively;
they should be administered only after deep tissue cultures are obtained in
an otherwise sterile environment. Wound swabs or bedside cultures have
no proven use and frequently demonstrate polymicrobial growth and skin
flora contamination. Antibiotic coverage is subsequently narrowed
postoperatively based on culture speciation and sensitivities, often in
consultation with an infectious disease specialist.
Most patients with deep infections should be managed in a staged
fashion. At least one “second look” procedure should be performed 24 to
72 hours after the initial thorough surgical débridement to ensure that all
residual tissue remains viable and all gross evidence of infection has been

eradicated. Despite the absence of controlled studies, antibioticimpregnated polymethyl methacrylate beads and negative pressure wound
therapy with reticulated open-cell foam are useful adjuncts to wound
management and infection control between débridement procedures.15
Provisional anchorage of soft tissues (fascia, myodesis) over antibiotic
beads or negative pressure wound therapy sponges with colored
monofilament suture between procedures may prevent soft-tissue
retraction and facilitate residual limb length and level retention when
revision closure is eventually attempted. After all gross infection has been
controlled and residual limb wound stability demonstrated, amputation
revision and closure over drains is performed, with a period of continued
postoperative antibiotic administration. Residual limb shortening is
sometimes required to achieve robust, tension-free closure after a deep
infection, but this is generally modest and may be minimized or avoided
entirely by adhering to the recommendations previously described. In
patients with severe necrotizing soft-tissue infections or massive tissue
necrosis, proximal amputation revision may be required.

Joint Contractures
Joint contractures can substantially affect and limit prosthetic fit, use, and
function. Contractures that are present preoperatively should be assessed
and accounted for during surgical decision making, amputation level
selection, and preoperative patient and family counseling. Mild
contractures are generally well tolerated and, in some patients, may be
improved with focused therapy and nonsurgical management if they do not
worsen postoperatively. In select patients, moderate trauma-related
contractures may be addressed and improved surgically by lysing
adhesions with or without adjacent muscleplasty (for example,
quadricepsplasty) and manipulation under anesthesia. Such cases are best
addressed in a staged fashion, before (in the elective setting) or after
amputation, because the additive pain of concurrent procedures and the
inability to tolerate socket use to facilitate joint rehabilitation
postoperatively often precludes concurrent residual limb and joint
rehabilitation. Severe contractures or overt joint ankylosis should prompt a
reevaluation of the planned amputation levels. For example, a patient who
is older than 70 years and has severe knee flexion or extension
contractures will not optimally benefit from transtibial amputation, and
knee disarticulation should be strongly considered.

In patients with normal or nearly normal preoperative range of motion
of the proximal joints, contracture is best managed with diligent
prevention. Partial foot amputations require careful, balanced tendon
reconstructions and frequently require Achilles tendon lengthening
intraoperatively. Virtually all other amputation levels simply require
dedicated daily therapy for all proximal joints. Range-of-motion and
stretching exercises are started immediately after the procedure, and
patients are encouraged to perform maximal range-of-motion exercises on
their own several times per day between therapy sessions. Both formal and
independent therapy is facilitated by good postoperative pain control and
the liberal use of peripheral nerve and epidural catheters. To avoid resting
hip and knee flexion, pillows should not be used under a transfemoral
residual limb or behind the knee of a patient with a transtibial amputation,
even though many patients find resting hip and knee flexion most
comfortable for these respective levels. For transfemoral amputations,
mandatory flat supine and prone lying for several hours a day is useful.
Many centers postoperatively use bracing, splinting, or casting,
particularly for transtibial amputations. Despite good intentions, however,
such use has the risk of potential complications because decubitus ulcers
and eschar may form, even with diligent attention to padding, cutouts, and
other precautions (Figure 2). In the absence of immediate postoperative
prosthetic placement at an experienced center, splint or cast placement is
typically not necessary in a compliant, motivated patient.

Myodesis Failure
The advantages of formal myodesis creation include restoration of
physiologic resting muscle tension and greater residual limb control;
improved soft-tissue anchorage; and preventing instability, prosthesis
shifting, deep bursa formation, and superficial ulceration. Although
adductor magnus myodesis as popularized by Gottschalk16 is perhaps most
critical for patient function, the author of this chapter advocates myodesis
or tenodesis for all transosseous amputation levels and many
disarticulations.

Figure 2

Clinical photograph of a left transtibial amputation
closed with a distal medial latissimus dorsi free tissue transfer
complicated by pressure ulceration over the tibial tuberosity
because a postoperative splint was used.

Myodesis failure rarely occurs in an attritional, chronic fashion. Most
cases are acute or related to trauma or prosthesis use and are noted by the
patient (Figure 3). Partial tears of a myodesis—without muscle
detachment and retraction or soft-tissue instability—and verified by both
the physical examination and advanced imaging (ultrasound or MRI) often
are managed nonsurgically with a period of rest from prosthesis use and
subsequent resumption and rehabilitation. Complete failures in high
functioning patients are best managed with early surgery, before muscle
retraction, tendon atrophy, and scarring preclude anatomic myodesis
repair.4

Late Complications and Residual Limb Pain
Evaluation
Late residual limb complications are common, and revision rates range
from 21% to nearly 50% in trauma-related amputations.1-4 Patients who
have late residual limb complaints require a thorough evaluation. Although
the obvious inclination and provider bias is to focus almost solely on the
residual limb, completing a full, detailed history is critical. Key clinical
data include the original injury or disease, evaluation of the amputation
level(s) and surgical technique as well as any infections or revision
procedures, and patient demographics and medical comorbidities. Recent
trauma and change in function or symptoms, age and adjustment frequency

of the prosthesis, current and past prosthesis usage, functional goals, and
any psychosocial barriers to achieving those goals, all require assessment.
Next, a thorough skin and residual limb examination is performed,
including assessment of myodesis and myoplasty stability and function,
palpation for neuromas, and assessment of proximate joint range of motion
and strength. The prosthesis should be examined for fit and wear.
Orthogonal radiographs of the residual limb are then obtained, including
weight-bearing radiographs in the prosthesis for lower limb amputations.
A clear tendency in many practices is to avoid revision surgery on any
apparently well-healed residual limb and simply refer the patient to his or
her prosthetist, physiatrist, and/or primary care physician. Although the
initial management of many late residual limb problems is and should be
nonsurgical, many such patients are very uncomfortable, and when this
approach is mentioned, it often is rejected. In patients for whom an organic
cause of residual limb symptoms is identified and not corrected by a
concerted trial of nonsurgical measures, focal or complete revision may
dramatically improve patient function, acceptance of the prosthesis, and
quality of life.1,3,4 Exploratory surgery or surgical procedures for phantom
pain, however, are generally not advocated.

Figure 3

A, Postoperative AP radiograph of a left
transfemoral amputation closed with two vascular clips on the
adductor tendon (intact myodesis) near the distal medial femur.
B, Lateral radiograph of the same transfemoral amputation 5
months later demonstrating proximal migration of the vascular
clips consistent with myodesis failure after the patient felt a

“pop” and noted increased pain and decreased residual limb
control.

Neuromata and Neurogenic Pain
All transected nerves form neuromas as a normal anatomic sequelae.
Myriad techniques have been proposed for neuroma and symptom
prevention in the acute setting, but none has proven superior to a simple
traction neurectomy: placing the resulting neuroma well proximal to the
terminal residuum, ideally in a well-padded location remote and protected
from pressure and mechanical stimulation.

Figure 4

Intraoperative photograph of the posterior aspect of
a right transfemoral amputation during revision surgery for a
symptomatic sciatic neuroma, demonstrating that the sciatic
nerve has been myodesed with the hamstrings into the
posterior aspect of the distal femur.

Even if nerves are appropriately managed initially (Figure 4), some
residual limb neuromas will become symptomatic because of subcutaneous
locations, prosthesis use, and long-term atrophy of the soft-tissue
envelope. The examination should focus on palpating for neuromas and
determining if the symptoms can be reproduced with direct pressure or
percussion testing (the Tinel sign). Neuroma-related pain typically
manifests as a shock-like stimulus that progresses proximally along the
parent nerve and/or distally into the residual phantom limb. The diagnosis

of deep neuromas may be confirmed with MRI or ultrasound
localization.17,18 Suspected distal neuromas also can be confirmed with a
diagnostic injection around the proximal nerve and the reassessment of
patient symptoms. From a diagnostic perspective, proximal injection is
preferred to injection around the neuroma itself because other local sources
of pain may be masked by the local anesthetic.
Nonsurgical management is indicated initially for most patients,
particularly if the symptoms are intermittent in nature or of recent onset.
Prosthetic socket fit can be optimized by avoiding pressure on
symptomatic areas. A therapeutic injection of corticosteroid around the
neuroma, often under ultrasound guidance, may decrease adjacent
inflammation and neuroma irritation. Although the effect is temporary,
some patients report lasting relief with such measures. Other less invasive
options include percutaneous radiofrequency ablation of the neuroma or
the proximal nerve; attempting to deaden the nerve; or inducing a proximal
neuroma in continuity, effectively moving the neuroma to a proximal site,
hopefully in a more protected and less symptom-prone location.
Persistently symptomatic neuromas are managed with revision
neurectomy and burying of the nerve more proximally, remote from the
site of symptoms and the socket end or edge, within or beneath an adjacent
muscle. The decision to proceed with a neurectomy through limited
revision of the prior incision or a proximal, separate incision is specific to
the patient, the amputation level, and the functional goals desired. For
example, symptomatic superficial or deep peroneal neuromas can be
successfully managed with a small incision proximal to the knee flexion
crease adjacent to the biceps femoris tendon and removing a segment of
the common peroneal nerve at this location. However, myoelectric lower
limb prostheses are on the relatively near horizon, and patients who have
undergone this procedure may not be able to subsequently reap the full
benefits of these devices and should be counseled accordingly.
Denervation of terminal muscle groups is of even greater concern for
patients with upper limb amputations who use myoelectric prostheses, and
caution is indicated in this regard.
A new technique for neuroma management is targeted muscle
reinnervation (TMR). Originally described for improved, intuitive
prosthetic control, complete relief of neuroma-related pain was noted in 14
of 15 patients undergoing TMR for function, and 1 patient reported some
improvement in pain relief.19 This technique is currently the preferred

modality of this chapter’s author for managing neuroma-related pain in
many patients and, anecdotally, good results have been achieved.
A separate but related issue to symptomatic neuromata is phantom or
distal neurogenic pain. Ongoing studies are currently evaluating whether
TMR may lead to improvement in phantom pain for patients with
amputations; no proven surgical treatment method for phantom pain
currently exists. Early phantom pain typically improves to a manageable
level or resolves with residual limb maturity and progressive prosthetic use
and activity. When phantom pain persists, it is typically worse at night and
may interfere with sleep. Primary treatment is therefore nonsurgical,
including nerve-modulating, nonnarcotic pain medications, non–
dependence-inducing sleep aids, biofeedback, and acupuncture treatments.
In patients with severe refractory phantom limb pain, implantable nerve or
spinal stimulators may be used.
When evaluating patients for possible elective amputation in the
setting of preexisting neurogenic pain, such as complex regional pain
syndrome (previously known as reflex sympathetic dystrophy), caution
should be exercised. The study by Dielissen et al20 has perhaps
disproportionately influenced the literature on this topic, but their series
reported 100% recurrence of symptoms in the residual limb after
amputation. Better but mixed results have been reported by other
authors;21 however, re-amputation for recurrent pain does not appear to be
effective.22 At a minimum, therefore, patients seeking elective amputation
for pain should be carefully screened by not only the surgeon but also a
psychiatrist and a pain management specialist experienced in this area. If
the decision to proceed with elective amputation is ultimately made, the
amputation must be performed proximal to the level of the associated
nerve injury and/or associated pain.

Bursitis
Adventitious bursae represent normal anatomic structures that form in
response to repetitive friction. They frequently develop on the terminal
residual limbs of active patients with amputations, although palpable
bursae develop more commonly in patients with poor soft-tissue coverage
over osseous prominences, ill-fitting prostheses, or both. Small,
asymptomatic bursae are physiologic and of no consequence if irritation is
minimized with intimate prosthetic socket fit.23 The term bursitis refers to
bursae that become inflamed and enlarged because of chronic irritation.

Such bursae are generally well circumscribed, transilluminant, somewhat
fluctuant, and variably tender masses. Treatment is generally nonsurgical
and includes ice, rest, compression, anti-inflammatory medications, and
prosthetic modifications.
Aspiration of a bursa should be performed only in patients with
suspected septic bursitis, which is manifested by erythema, pain, and/or
fever, to avoid seeding an aseptic bursa or inadvertently creating a bursal
fistula. Septic bursae require drainage or formal excisional débridement
and antibiotic therapy. Conversely, aseptic bursae should not be excised
unless the underlying anatomy is altered to mitigate the risk of bursal
recurrence by removing the irritating retained suture or implants,
prominent bone contouring, and/or improving stable local soft-tissue
coverage.24
Deep bursae also may develop over bone, particularly the distal femur
in transfemoral amputations if only a quadriceps-hamstring myoplasty has
been performed or myodesis failure occurs (Figure 5). Painful crepitus
with axial loading and shear force may develop. For some patients,
prosthetic and liner modifications are successful in stabilizing the distal
muscle mass. In those who require surgery, complete bursal excision
should be performed concurrent with a stabilizing myodesis of the
hamstrings or quadriceps muscles. This myodesis is followed by
myoplasty of the secondary muscle group, thus creating a myodesis-byproxy of both residual muscle groups and maximizing residual soft-tissue
stability to prevent recurrence. Deep bursal tissue should be sent for
culture, but infection is rarely involved in the absence of other clinical
indicators.

Hypermobile Myoplasty and Redundant Soft Tissues
On some occasions, attempts to construct a viable, robust soft-tissue
envelope are overzealous, or soft tissues become lax across time as the
residual limb approaches terminal atrophy. More commonly, open
amputations are swollen at the time of definitive revision and closure
because of distal infection, associated trauma, or reactive hyperemia from
tourniquet use. As swelling decreases during the postamputation period,
residual limbs that were barely closable intraoperatively develop abundant
and redundant skin and adipose tissue. This problem is then further
exacerbated with cutaneous stress relaxation and underlying muscle
atrophy. Regardless of the inciting circumstances, the occasional result is a

soft-tissue envelope that is both redundant and hypermobile, which is
inconsequential for the patient who is asymptomatic and has no skin or
instability problems in a well-fitting socket. However, because of skin
hypermobility and adjacent scar adherence, recurrent ulceration develops
in some patients (Figure 6) or they experience uncomfortable and
functionally limiting socket instability because of hyperdynamic skin and
adipofascial tissue (Figure 7). In such instances, scar revision with
excision of the redundant fasciocutaneous tissue may provide sound relief
and facilitate durable, comfortable socket fitting. Patients should be
counseled that, despite the excision of skin and tightening of the soft-tissue
envelope, some subsequent relaxation is to be expected and symptoms
may recur. However, such occurrences are rare in the experience of this
chapter’s author. Obvious attention is warranted toward not closing the
incisions under substantial tension to minimize the risk of postoperative
dehiscence. In the absence of other underlying problems, the deep tissues
(bone and myodesis) are deliberately not disturbed during these
procedures, and patients may resume prosthetic use as soon as their
incisions are adequately healed, which is typically within 3 to 4 weeks for
healthy patients without comorbid conditions that limit wound healing.

Figure 5

Sagittal T2-weighted MRI of a left transfemoral
amputation with a symptomatic deep bursa caused by
detachment of the hamstring myodesis and demonstrating fluid
collection near the distal femur and adjacent detached muscle.

Based on military experience during the Second World War,
Dederich25 first advocated the quadriceps to hamstrings myoplasty for
transfemoral amputations. Although this surgical technique was a
substantive leap forward for transfemoral amputation management, similar
problems may develop when superficial myoplasties are not anchored in
sequential layers to the underlying bone or myodesis. In addition to
potential symptomatic deep bursa formation, symptomatic shifting of their
myoplasties within their prostheses may develop in these patients, causing
a sensation of instability and precluding stable socket fitting (Figure 8).
Some such patients may be managed with socket modifications, and ringlock and multiple ring-lock liners have been found useful for stabilizing
the terminal soft tissue in some instances. For patients with persistent
instability, limited amputation revision through a lateral approach (leaving
the adductor myodesis undisturbed) to convert the myoplasty to a

myodesis by anchoring the hamstrings and quadriceps to the terminal
femur can be performed, and good results can be anticipated. Near
complete amputation revision is required only if a large bursa is
encountered because this may prevent healing of the new myodesis to the
femur and adjacent soft tissues.

Figure 6

A, Clinical photograph of a right transtibial
amputation with an invaginated scar line adherent to the distal
tibia and myodesis. B, Clinical photograph demonstrating the
resulting hypermobility of adjacent distal soft tissue, causing
ulceration of the prominent, mobile skin.

Inadequate Soft-Tissue Coverage and Skin Problems
Skin problems are common in residual limbs, and a few problems may
require surgical management.

Figure 7

Clinical photograph of a left transfemoral
amputation with symptomatic, redundant hypermobile soft
tissue and reflecting acroangiodermatitis resulting from chronic
irritation in the prosthetic socket and the vacuum suspension

system.

Figure 8

AP radiographs of a right transfemoral amputation
with a symptomatic, unstable myoplasty in a prosthetic socket
demonstrating the femur centered within the socket and the
myoplasty reduced (A), and the femur medially translated and
the quadriceps-hamstring myoplasty subluxated laterally (B).

The goal of amputation surgery is to construct a viable, robust residual
limb to serve as a platform for weight bearing and a stable interface for the
prosthetic socket. Skin that is insensate and/or adherent to bone is
particularly prone to breakdown and ulceration, and this circumstance
should be avoided whenever possible. Nonetheless, up to 57% of
individuals with limb loss experience distal ulceration at some point, with
16% to 63% reporting other skin problems.26
If scar adherence or invagination is an early problem and sufficient
subcutaneous tissue exists to facilitate normal pliability, early scar
treatments and mechanical stimulation (scar massage) may be effective in
improving or restoring subcutaneous mobility. Mature scar or adherent
skin may be managed only with prosthetic modifications to offload and
protect affected areas or focal surgical revision with the mobilization of
healthy, adjacent full-thickness tissue. If ulceration develops in an area of
otherwise adequate and viable local tissue, meticulous wound care and
socket modifications should be immediately initiated. Although activity
modification may be required, complete prosthetic rest is not required for

most patients. One study found that nearly two-thirds of ulcerations healed
within 6 weeks with continued use of the prosthesis, and only 9% of
ulcerations worsened.27 Vacuum-assisted socket systems may be helpful
and were found to be safe in a small prospective study of patients with
dysvascular disease who had distal ulceration.28
Chronic ulcerations should be evaluated for sinus tract formation with
sterile probing and/or a sinography. These patients may have an
underlying smoldering osteomyelitis that should be evaluated on
radiographs and advanced imaging studies, as indicated. Sinus tracts will
generally not heal with wound care, may undergo malignant
transformation,29 and should be excised in their entirety at an opportune
time, ideally when they are relatively less active and inflamed. Underlying
osteomyelitis, if present, should be treated appropriately.
Historical dogma suggests that split-thickness skin grafts (STSGs)
perform poorly on residual limbs, particularly in adults.30 STSGs should
be avoided whenever practicable, particularly on terminal residual limbs or
over bone or periosteum. Skin grafts are thinner and less robust than native
skin and are, by definition, insensate. Nonetheless, grafts may function
reasonably well over robust, healthy muscle. The experiences of this
chapter’s author with skin grafts in younger, combat-injured patients with
amputations has demonstrated an increased surgical revision rate for skin
graft excision with or without concurrent heterotopic ossification (HO)
excision in these patients. However, STSGs may serve as a bridge to
delayed skin graft excision and local tissue advancement after swelling
subsides and pliability returns to the adjacent native skin, successfully
facilitating the salvage of important additional residual limb length in the
process.31 When STSGs are necessary, placing synthetic dermal
substitutes (for example, Integra [Integra LifeSciences]) before grafting
may be helpful for three reasons: (1) The period (typically 10-21 days)
required for the product to mature provides a litmus test of wound stability
and suitability for grafting; (2) the resulting skin graft is supported by a
more robust neodermis that may improve tolerance to weight bearing and
shear forces, thus resisting ulceration; and (3) if reoperation becomes
necessary and full STSG excision is not feasible, the resulting neodermis
may assist in revision wound closure versus sewing directly to
unaugmented STSG, which holds suture poorly.
Epidermoid cysts and inflamed sweat glands have a predilection to
develop in intertriginous areas subject to chronic irritation from the

prosthetic socket edge, such as the popliteal fossa or the inguinal crease.
The axillary and antecubital areas also may be affected, albeit much less
commonly. When acutely inflamed, these areas may respond to
adjustments to prosthetic fit in coordination with meticulous skin care,
warm soaks, and antibiotics. Recurrence and chronicity are unfortunately
common. After chronic inflammation develops, thick, septated cyst walls
often form, and excision of the resulting abscess often is necessary. The
excision is easier to perform if the area is relatively quiescent, so a
preoperative period of antibiotics and relative prosthetic rest is helpful.
Postoperatively, meticulous skin care and prosthetic fit must be
implemented to avoid the inevitability of serial recurrence.

Heterotopic Ossification and Bone Spurs
Bone spurs and prominences are common after amputation, but they may
be prevented with careful beveling and contouring of the terminal bone,
avoidance of excessive periosteal stripping, and adequate padding of the
terminal residual limb. Spurs and corners that prove symptomatic and
refractory to prosthesis adjustments may be treated with simple excision or
shaving, with an effort toward maximizing soft-tissue coverage over the
affected area.
The complication of HO is problematic for many patients. As many as
64% of combat-related amputations and severe limb injuries are affected
by HO.32,33 An explosive blast as the mechanism of injury, a final
amputation level within the zone of injury, an elevated Injury Severity
Score, and traumatic brain injury are all assumed risk factors for HO.
Fortunately, not all patients are symptomatic, and prosthetic socket
modification to off-load symptomatic areas is effective for many patients
who are symptomatic. Nonetheless, HO excision rates range from 20% to
40%, with a greater likelihood of excision for lower limb amputations and
HO that develops beneath STSGs3,4 (Figures 9 and 10). Excision of HO
and amputation revision for patients who are persistently symptomatic
may be undertaken, with low rates of radiographic and symptomatic
recurrence, approximately 6 months after injury. Relatively high
perioperative complication rates occur, but, ultimately, successful relief of
symptoms and residual limb length retention are achieved for most
patients.34 Preexisting incisions should be used and overlying concurrent
STSG excised, whenever possible.
Although HO in residual limbs has sometimes been considered a

problem for patients in the military, a recent study has demonstrated a
surprising frequency of HO in civilians who have limb loss. Matsumoto et
al35 reported that HO developed in 36 of 158 civilians (23%) who had
undergone amputation. The incidence of HO did not appear to be affected
by the indication for amputation, and surgical excision was required in
11% of the affected patients.

Fractures
Fractures are common after amputation. Pierce et al1 reported a 10%
fracture rate in their study of trauma-related amputation outcomes and
complications. The risk for proximal fractures appears to be a combination
of frequent falls, vulnerable patient populations (such as patients who are
elderly or have dysvascular disease), and bone mineral density loss after
amputation causing relative or overt osteopenia. Loss of bone mineral
density has been demonstrated to affect even individuals younger than 40
years who have trauma-related amputations. Disuse osteopenia and
prolonged limited weight bearing are thought to be responsible, which may
predispose affected patients to fragility or stress fractures36 (Figure 11).

Figure 9

Clinical photograph of a left transfemoral
amputation with symptomatic distal split-thickness skin graft
and underlying heterotopic ossification demonstrating adjacent
verrucous skin changes.

Bowker et al37 reported the results of 90 fractures in 85 patients after
amputation. Many fractures, excluding those of the hip, were treated
nonsurgically, and 97% and 82% of the patients with transtibial and

transfemoral amputations, respectively, were able to resume prosthesis
wear after healing. They found essentially no indications for re-amputation
through the fracture site in this setting. These results mirror the
recommendations of Gordon et al38 for the treatment of acute fractures
proximal to trauma-related amputations. They reported a high
complication rate but global success in achieving fracture healing and
concurrent amputation level and/or residual limb-length salvage.

Figure 10

AP radiograph of a left transfemoral amputation
reflecting heterotopic ossification of the terminal residual limb
and tracking along the medial thigh below the split-thickness
skin graft.

Tibiofibular Instability and Radioulnar Convergence
Symptomatic tibiofibular instability may develop after transtibial
amputation. It affects an unknown proportion of transtibial amputations
without a bridge synostosis. Many patients who are symptomatic have

associated symptomatic neuromata or osseous prominences that become
irritated or compressed by fibular motion within the prosthetic socket. The
evaluating physician should test for this clinically by attempting to
replicate the patient’s symptoms by applying mediolateral tibiofibular
compression and gross manipulation of the fibula to assess for a
hyperdynamic state. These findings are largely subjective; examiner
experience is an asset because some degree of fibular motion is normal,
and asymptomatic motion is of no consequence. Some patients may
respond to a snugger socket that holds the fibula in a stable position.
Patients who are persistently symptomatic may be treated with revision
distal synostosis creation (the Ertl procedure), proximal tibiofibular
stabilization,39 or residual fibula excision. The latter is generally indicated
only for patients with very short fibulae, and the lateral collateral ligament
and biceps tendon should be reconstructed by attachment to the proximal
tibia concurrently to prevent posterolateral knee instability and/or
hamstring weakness. Patients with acute tibiofibular instability noted at the
time of amputation (Figure 12) should likewise be managed with one of
these three techniques.

Figure 11

AP radiograph of the pelvis of a 26-year-old
patient with a right transfemoral amputation (and also a left
knee disarticulation) demonstrating a right subcapital femoral
neck fragility fracture caused by a fall from standing height
resulting from posttraumatic, disuse osteopenia.

Radioulnar convergence and impingement may similarly affect

patients with transradial amputations. Deliberate synostosis creation is not
advocated for these patients because all residual pronation/supination
would be lost. In fact, the convergence/impingement phenomenon itself is
associated with terminal bone spurs or near-synostosis. Patients whose
symptoms are refractory to nonsurgical management may undergo limited
revision with excision of associated bone spurs or HO and stable
interposition grafting with local tendon in an effort to prevent bone-onbone contact.

Summary
Amputation surgery is fraught with complications because of a
combination of complex medical, anatomic, and functional factors. Early
complications should be dealt with expeditiously to prevent progression,
minimize patient deconditioning, and expedite rehabilitation. Most late or
chronic complications should be managed with a diligent trial of
nonsurgical management, and, for many patients, such management is
sufficient to mitigate the problem(s). However, for patients with refractory
problems and persistently symptomatic residual limbs attributed to an
identifiable cause, revision surgery may dramatically improve function,
relieve pain, and increase satisfaction and quality of life.

Figure 12

Postinjury AP radiograph of a left transtibial
amputation demonstrating proximal tibiofibular dissociation and
instability with overt dislocation of the proximal tibiofibular joint
and valgus angulation of the residual fibula.
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Abstract
How individuals adapt psychologically to the challenges of limb loss varies
and depends on several interrelated factors associated with the individual
and his or her environment. Although many individuals adapt successfully,
others struggle with symptoms of anxiety, posttraumatic stress, and
depression. Early management of these symptoms using a patient-centered,
collaborative care approach to care is critical for successful, long-term
outcomes. Two approaches are particularly helpful in promoting patient
activation: (1) cognitive, behavioral-based self-management programs and
(2) peer support and visitation programs. It is helpful for the surgeon and the
treatment team to be aware of recommended strategies for promoting an
integrated model of care delivery that addresses both physical and
psychological symptoms associated with amputation.
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Introduction
The amputation of a limb, whether caused by a traumatic event or chronic

local or systemic disease, is a life-altering event. Limb loss invariably
affects function and everyday activities. How individuals adapt
psychologically to the challenges of limb loss varies and depends on
several interrelated factors associated with personal and family resources,
coping styles, self-efficacy, and resiliency, as well as barriers and
facilitators present in social, economic, and physical environments. It is
important to begin by noting that most individuals adapt effectively as
symptoms of emotional distress, negative body image, and social stigma
dissipate across time and functional accommodations take place. But for
some individuals, adaptation is more challenging; symptoms linger,
impeding recovery and successful reintegration into everyday life. For
some, more severe psychological disorders, including posttraumatic stress
disorder (PTSD) and major depressive disorder, emerge in the months or
years after amputation.
The behavioral health consequences of limb loss often are
underappreciated when caring for individuals with limb loss. Attention
often is focused on surgical management, prosthetic fitting, and physical
rehabilitation, without acknowledging and treating the psychological and
social needs of the patient and his or her family. Increasingly, surgical
specialties are acknowledging that the traditional biomedical model of
disease and disease management is inadequate and must be replaced with a
biopsychosocial model, wherein psychological and social factors are
addressed together with medical factors to improve patient outcomes and
quality of life.1 It also is becoming increasingly clear that a team approach
for caring for individuals with limb loss is critical, and both the patient and
the family must be integral members of the team.2,3
This chapter reviews current understanding of the emotional reactions
experienced following amputation and the extent to which these reactions
evolve into psychological conditions that impede long-term recovery. The
benefits of a patient-centered, collaborative care approach to the early
management of patients undergoing amputation is discussed, and
recommendations are provided regarding the role of the surgeon and the
treatment team in addressing these adaptation issues.

Common Reactions and Adaptations to Amputation
The assumption of the universality of responses to a health crisis, such as
amputation, has not been supported by data. Stage theory, which

exemplifies this concept, predicts that individuals will respond to a crisis
or a loss in specific and predictable ways across time and eventually accept
or resolve the emotional crisis.4 For example, the reaction to limb loss
often has been compared with the process of bereavement, with successive
stages of denial, anger, bargaining, depression, and eventual acceptance.5
Although stage theory has some attraction because it may be used to help
explain emotional responses to patients and their families, Belon and
Vigoda6 suggested that adaptation after limb loss may involve a more
dynamic process, with emotional and coping responses evolving as the
individual moves through the process. In addition, traditional models of
adaptation do not accommodate the fact that individuals may identify
benefits and experience positive growth after physical trauma.7 Recent
literature emphasizes models that conceptualize coping as a transactional
process, where the individual’s cognitive and behavioral responses interact
with external factors, and recognizes the importance of social and
environmental factors.
From a clinical perspective, it is useful to think of adaptation to an
amputation as a process occurring during the course of four phases of care:
the preoperative phase (most relevant to those who are losing a limb
because of systemic disease), the immediate postoperative phase, the early
rehabilitation phase (both inpatient and outpatient), and the longer-term
adaptation and reintegration phase.8,9 Viewing adaptation as a process that
occurs across these four phases highlights some of the more critical issues
that arise at each point in time and how the healthcare team may respond
to assist in effective adaptation. Table 1 describes these treatment phases
and lists the emotional and coping responses a patient may experience. It
also provides suggestions on which steps clinicians may take to address
potential concerns. It is important to emphasize, however, that a paucity of
data exist to document specific reactions during each treatment phase, and
reactions vary tremendously among individuals, with adaptation varying
and occurring across the treatment continuum.
It is most important to recognize that if negative emotions and
maladaptive responses are not recognized and managed appropriately early
in the process, clinical symptoms of acute anxiety, posttraumatic stress,
and depression may result, potentially having a significant effect on longterm outcomes and quality of life.

Prevalence of Anxiety, PTSD, and Depression
The literature on the prevalence of anxiety, PTSD, and depression
specifically associated with limb loss is limited, and direct comparison
across studies is difficult because of variation in the instruments and
methods used to measure prevalence, the composition of the study
population (for example, differences in demographics, whether the
amputation was related to a traumatic event or systemic disease, the
circumstances of the trauma, the type and level of amputation), and the
timing of the assessment after amputation. In addition, most studies are
cross-sectional, making it difficult to assess changes in prevalence during
the life course of an individual with limb loss and evaluate long-term
trajectories of recovery or deterioration. The preponderance of evidence
suggests, however, that rates of psychological distress among individuals
with limb loss are higher than those in the general population, which
indicates the need for a coordinated approach to address the multifactorial
needs of patients and their families early in the recovery process.

Anxiety and PTSD
Generalized anxiety symptoms are common after trauma-related
amputations and limb loss resulting from systemic disease. In a systematic
review of studies of anxiety and depression following trauma-related limb
amputation, Mckechnie and John10 found rates of generalized anxiety
ranging from 25% to 57% across six studies. Although an earlier review
based primarily on cross-sectional studies of lower limb amputations
concluded that elevated symptoms of anxiety often subside after the first
year, with levels falling to those found in the general population,9 a
subsequent longitudinal study of all-cause amputations11 refuted these
conclusions. Singh et al11 found that although symptoms of anxiety were
generally resolved during inpatient rehabilitation, the prevalence of
anxiety (measured using the Hospital Anxiety and Depression Scale12)
remained elevated 2 to 3 years after the amputation and were more similar
to levels found at the time of admission to rehabilitation (18% at 2 to 3
years compared with 24% at admission). McCarthy et al13 found similar
results in a study of outcomes after 569 lower limb injuries (27% of which
went on to amputation); the percentage with moderate to severe symptoms
of anxiety as measured by the Brief Symptom Inventory14 remained
elevated throughout a 2-year follow-up (35%, 30%, 27%, and 29% at 3, 6,

12, and 24 months, respectively).
Acute anxiety often is—although not always—associated with the
subsequent development of PTSD, with one study reporting that 78% of
individuals with acute stress disorder after a motor vehicle crash go on to
meet the criteria for PTSD within 6 months.15 PTSD is unique among the
spectrum of anxiety disorders because it is specifically related to an
antecedent stressful event, such as a trauma. PTSD is a debilitating
disorder characterized by re-experiencing the original trauma (for
example, flashbacks, intrusive memories); the avoidance of thoughts,
activities, and people associated with the trauma (for example, feeling
emotionally numb about the traumatic event); and hyperarousal (for
example, irritability, difficulty concentrating, insomnia). A diagnosis of
PTSD can be made only if these symptoms persist for more than 1 month.
The adverse consequences of PTSD include high rates of suicide,
substance abuse, violence, an inability to maintain intimate and parental
relationships, physical illness, and premature mortality.16 PTSD is
commonly present (83% to 90% of the time) with other psychological
disorders, including substance use, depression, and panic disorder.17
The rates of PTSD after amputation caused by systemic disease appear
to be low, most likely because these individuals are more prepared for the
surgery and its consequences.18 However, high rates of PTSD after
physical trauma (both civilian and combat related) are well documented in
the literature.19-21 Relatively few studies have focused specifically on the
prevalence of PTSD associated with musculoskeletal trauma,22,23 with
even fewer on the prevalence of PTSD after limb amputation.24-31
Table 1 Common Reactions and Responses to Limb Amputations

Among the more interesting studies are those by Melcer et al29 and
Doukas et al.31 Both groups of researchers examined the rates of PTSD
among service members who sustained major lower limb trauma in
Operation Iraqi Freedom, Operation Enduring Freedom, and/or Operation
New Dawn. Both studies reported high overall rates of PTSD. Doukas et
al31 retrospectively examined outcomes in a cohort of 324 service
members deployed to Afghanistan or Iraq who sustained a traumatic
amputation or one of the following: revascularization, bone graft/bone
transport, local/free flap coverage, complete deficit of a major nerve, and

complete compartment injury or compartment syndrome. At an average of
38 months after injury, 18% screened positive for PTSD using the military
version of the Posttraumatic Stress Checklist32 and the scoring criteria
proposed by Hoge et al.33 Interestingly, participants with an early
amputation had a significantly lower likelihood of PTSD compared with
those whose limbs were salvaged (12% among patients with amputation
versus 25% among patients with limb salvage). Melcer et al29
retrospectively examined the military health records of 587 patients who
underwent early amputation during the first 90 days after injury: 84
patients had a late amputation more than 90 days after injury, and 117
patients were treated for leg-threatening injuries without amputation. The
results of Melcer et al29 were similar to those of Doukas et al.31 The rates
of a PTSD diagnosis (recorded in the medical record and coded according
to the Clinical Modification of the International Classification of Diseases)
were 19% for early amputations and 30% for limb salvage. Melcer et al29
also found that patients with late amputations had significantly higher rates
of PTSD (33%) when compared with those treated with either early
amputations or limb salvage.
These two studies point to similar conclusions and stand in contrast to
those of the civilian Lower Extremity Assessment Project (LEAP) study,
which showed similar functional and psychosocial outcomes among
patients with an amputation or limb salvage at 2 and 7 years after
injury.34-36 Although the LEAP study did not specifically screen for
PTSD, 29% of the study participants reported symptoms of generalized
anxiety 2 years after injury on the Brief Symptom Inventory. However, no
differences were found in the prevalence between those undergoing
amputation or reconstruction, unlike the findings in military populations.
Several hypotheses have been offered to explain these differences.
Military patients may have better access to state-of-the art prosthetic
devices and prosthetic care compared with civilian patients. Insurance
coverage often limits the type and number of prostheses that civilian
patients may receive. Compared with civilian patients who have sustained
limb loss, military patients with limb loss may benefit from more intensive
and specialized rehabilitation (both physical and psychological) early in
their recovery.
Clinical and rehabilitation pathways for the treatment of individuals
with limb loss have been well established through military amputation care
programs.37 Military personnel often spend more than 1 year in inpatient

rehabilitation, have ready access to prosthetists, and benefit from targeted
reintegration programs. In contrast, very few civilian patients (18% in the
LEAP study) receive inpatient rehabilitation,38 and these programs rarely
have the degree of specialized care available in military programs.
Furthermore, many civilians have limited or no access to outpatient
rehabilitation. Military patients also may benefit from greater access to
peer support early in their recovery, which can significantly affect
recovery. Peer visitation is an integral part of the military amputation care
program and has been shown to be highly valued among service members
with combat-related amputations.39 The differences in the treatment
pathways for limb salvage and amputation in the military may account for
some of the differences observed in the emotional responses of the two
groups. Limb salvage care in the military is less well defined. Melcer et
al29 showed that compared with amputations resulting from Operation
Iraqi Freedom, Operation Enduring Freedom, and/or Operation New
Dawn, patients with limb salvage received substantially less outpatient
care, particularly for visits to psychiatrists or psychologists (88% and 38%
of patients with early amputations made visits to psychiatrists and
psychologists, respectively, in the first 2 years after injury compared with
only 29% and 22%, respectively, of patients with limb salvage).

Depression
The American Psychiatric Association40 defines depression as depressed
mood or markedly diminished interest or pleasure in activities often
accompanied by substantial weight change, insomnia or hypersomnia,
psychomotor agitation or retardation, loss of energy, feelings of
worthlessness, diminished ability to concentrate, and recurrent thoughts of
death that last for at least 2 weeks and interfere with the activities of daily
living. Symptoms of depression are common immediately after limb
amputation and appear to persist during the first 2 years after surgery, with
rates ranging from 29% to 41% for patients in rehabilitation.41-43 The
literature is mixed in its findings about the longer-term prevalence of
depression and the development of a major depressive disorder among
those living with limb loss.9 In one of the very few community surveys of
individuals with limb loss, Darnall et al44 found that the prevalence of
significant depressive symptoms (as measured using the 10-item version of
the Center for Epidemiologic Study Depression Scale45) was 29%, a rate
that is two to four times greater than that for the general population but

similar to rates found for outpatients seeking care for chronic conditions.
They found no association between prevalence and recency of amputation.
In their study, individuals with trauma-related amputations reported the
highest levels of depressive symptomatology (46%) when compared with
individuals with limb loss caused by dysvascular disease (38%) or cancer
(16%). More recent studies suggest that depression associated with non–
trauma-related amputations may be more related to the underlying chronic
condition and overall deterioration in health and function rather than the
limb loss itself.46 This finding suggests that individuals undergoing
amputation related to diabetes or other chronic diseases may have very
different support and counseling needs compared with those undergoing
amputation because of trauma.47
In recent reviews of the literature on depression after trauma-related
amputations, rates range from 20% to more than 50%, with variation in
prevalence again related to the choice of instrument used to assess
depression, the timing of the assessment, and the composition of the
population surveyed.10,24

Factors Related to Anxiety, PTSD, and Depression
Multiple factors have been shown to influence the prevalence of anxiety,
PTSD, and depression associated with disability and limb loss. Briefly
mentioned here are the important roles that pain, negative body image, and
social stigma play.

Pain
Several studies have suggested a strong relationship between pain (both
residual limb pain and phantom pain) in the early stages of recovery and
subsequent psychological distress, including depression and PTSD.48-52
The LEAP study demonstrated that symptoms of negative mood and
anxiety present in the early phases of recovery are highly correlated with
the long-term persistence of pain.53 Wegener et al54 further suggested that
the effect of pain on functional outcome is primarily related to its influence
on depression and anxiety, providing further support for an integrated
approach that adequately addresses the symptoms of emotional distress
together with the medical management of physical impairment and pain.

Body Image

The individual’s reaction to change in body image may be closely related
to the presence of the affective issues described earlier. Individuals with
depression or anxiety may be more likely to have a negative body image,
and those with a distorted self-image may be more likely to be depressed
or anxious.55 In addition, body image has been shown to predict
depression and adaptation to amputation.56 Changes in the physical body
and functional abilities may lead to a negative self-image in some
individuals with limb loss. In some individuals, a negative body image
may develop because of social discomfort or internalization of stigma
expressed by society. The individual with a negative self-image may
demonstrate distorted views of his or her body and may be reluctant to
participate in social activities, leading to poor participation.

Social Stigma
Social stigma results when individuals with disabilities are viewed
differently from those without disabilities; negative assumptions made
about functioning and personality are based on those beliefs. In the case of
individuals with limb loss, visible impairment exists, which may increase
the amount of associated stigma. Perceptions of social stigma are related to
depression and adjustment to amputation, such that increased levels of
stigma have a negative effect on individuals targeted by the stigma.56
However, it is unclear whether individuals who report a high level of
perceived social stigma are accurate in their perceptions or are distorting
their own negative thoughts as coming from others.55

Coping Mechanisms Influence Outcomes
How the individual copes with amputation and the subsequent
rehabilitation process likely mediates the outcome. Clinically and in
research, psychologists and psychiatrists primarily focus attention on how
maladaptive responses, such as catastrophic thinking, influence poor
outcomes. Catastrophic thinking is a cognitive coping response to an event
that is marked by exaggerated negative expectations and concerns. The
literature on pain and disability has pointed to the important role that
catastrophic thinking plays in the process of recovery and adaptation to a
physical impairment, including limb loss.48,57,58 Higher levels of
catastrophic thinking predict increased pain interference and depressive
symptoms in individuals with phantom limb pain.57 Catastrophic thinking

is known to predict pain intensity, disability, and psychological distress
independent of the level of physical impairment for individuals with limb
loss with phantom limb pain.59,60 Such thinking has been related to
increased symptom severity but may be effectively modified through
cognitive-behavior theory interventions.
Less attention has been focused on the positive role that resilience
plays in recovery. Resilience refers to patterns of positive adaptation in the
face of substantial adversity or risk. Although limited data exist on factors
associated with positive adaptation after limb loss, considerable data exist
in the broader disability literature that inform the understanding of how
individuals with limb loss may successfully adapt after amputation. Both
individual and environmental factors have been associated with positive
adaptation. Enduring personality characteristics of the individual, such as
hopefulness, lower levels of neuroticism, higher levels of agreeableness,
and internal locus of control are associated with better psychosocial
adaptation.61-64 Positive adaptation appears related to specific cognitive
styles and coping strategies. Individuals who seek to establish control over
their own responses find meaning and positive aspects of the experience
and seek growth.65-68
Table 2 Examples of Instruments Used for Screening

Of particular importance is the concept of self-efficacy and social
support as facilitators of a positive coping response. Self-efficacy is the
belief that one can perform specific tasks or activities. Individuals with
higher self-efficacy are less likely to disengage from the coping process
because success is expected. In patients with chronic pain, self-efficacy

has been found to mediate the relationship between pain intensity,
disability, and depression.69,70 In the LEAP study, low self-efficacy was
one of the most important determinants of poor functional outcome after
amputation.36 Self-efficacy can be both taught and improved.71 Increased
physical and social accessibility, higher levels of social support, and
family problem solving are all associated with better adaptation and
overall well-being.72,73
Recognizing the role that catastrophic thinking, self-efficacy, and
social support play in adaptation and recovery from limb loss have helped
identify effective strategies for managing the psychological consequences.

Managing the Psychosocial Consequences
By adopting certain guiding principles, the healthcare team will likely be
more attentive to the psychosocial aspects of limb loss and, ultimately,
more successful in improving patient outcomes. First, it is critical that the
surgeon’s care is guided by a biopsychosocial model.1 Second, the care
should comprise a patient-centered approach that widens the focus from
the patient’s medical needs to the needs of the patient as a whole.74
Finally, working with an established multidisciplinary team allows the
surgeon to meet the multifactorial needs of individuals with limb loss in an
evolving and demanding healthcare environment.2
The orthopaedic team plays an important role in the early phases of
recovery by (1) routinely screening for individuals at risk of psychological
distress, (2) referring patients who meet the clinical criteria for a
diagnosable condition to an appropriate mental health provider, and (3)
providing a patient- and family-centered environment that promotes peer
support and self-management and empowers patients to take charge of
their own recovery.75

Early Screening and Referral
The early identification of symptoms within a patient- and family-centered
environment may help prevent the development of more serious conditions
and improve overall outcomes. Given the high prevalence of rates of
emotional distress in individuals with limb loss, screening—using
established instruments that can be completed by patients with basic
reading skills—should be conducted as part of routine postoperative
follow-up visits. The recommended screening domains and sample

instruments are shown in Table 2.76-80
With the growing awareness of the multiple factors affecting outcomes
after traumatic injury and the onset of chronic disabling conditions, the
American Trauma Society in conjunction with this chapter’s authors and
their colleagues developed the Trauma Survivors Network.81 As part of
the suite of services offered by the Trauma Survivors Network, an online
recovery assessment tool can be self-administered by patients with either a
computer or a mobile device.82 It assesses risk factors (pain, PTSD,
depression, and alcohol and/or tobacco use) and protective factors
(resilience, social support, self-efficacy for return to work, and managing
the financial burden of trauma). The recovery assessment tool provides
standardized feedback and recommendations for the patient and the
provider. The surgeon should review the feedback and make
recommendations with the patient to establish the basis for follow-up
planning and referral. The online version is a convenient alternative to
paper-and-pencil screening.
Making an effective referral for in-depth evaluation and treatment by
another team member or outside provider is appropriate when the problem
is critical. Early detection of potential problems is one of the most
important components of making a good referral. Evidence proves that
early intervention for psychological issues enhances outcomes.83 Having
an established team and a network of referral sources facilitates
coordinated care for the patient. An effective referral is characterized by
the following: a clear question or request, relevant clinical information
about the patient, a level of urgency, results from a screening assessment,
and a willingness to continue to participate in patient care. The referring
surgeon should expect the following: (1) a timely response based on the
urgency of the situation; (2) an assessment that addresses mental status,
affect, mood, life stressors, substance use, and threat of harm to self or
others as well as information about the patient’s understanding of his or
her medical condition and concerns regarding the current situation, coping
style, pain issues, expectations for recovery, and goals for rehabilitation;
(3) diagnostic formulation; and (4) recommendations and a treatment
plan.84
When screening indicates a positive result for a mood disorder, referral
to an appropriate mental health specialist is indicated. Information from
the surgeon that effective treatment of these conditions exists may promote
patient follow-through and provide hope. Several randomized controlled

trials have shown that major depression may be effectively treated by
medication,85,86 psychotherapy,87 and electroconvulsive therapy.88
Current treatments of PTSD include pharmacotherapy, such as selective
serotonin reuptake inhibitors, and psychotherapies, including cognitive and
exposure modalities.89-92 Although certain psychotherapies and selective
serotonin reuptake inhibitors have proved moderately successful, both
modalities require weeks to months to achieve good results; improvement
has not been as significant compared with treating other disorders, such as
depression. Further, long treatment cycles combined with the stigma
associated with the condition are often barriers to seeking and complying
with treatment, especially among wounded warriors and veterans.93

Promoting Peer Support and Self-Management
It is important to emphasize that most patients undergoing amputation will
not meet the criteria for clinical depression, generalized anxiety disorder,
or PTSD. However, even those who have subclinical symptoms of distress
and anxiety may benefit from services that address maladaptive coping
responses and enhance resilience and positive coping mechanisms. These
services have the potential to buffer amputation-related stressors, prevent
the development of serious mental health problems, and assist in overall
recovery. When provided early in the recovery process within a
collaborative, patient-centered approach to care, the development of
anxiety, PTSD, and depression often can be avoided, and long-term
quality-of-life outcomes are improved.
Collaborative, patient-centered models of care emphasize the need for
patients and their families to assume greater responsibility for their care
and call for providers to support patients and families in these
activities.94,95 Empowering patients to take charge of their recovery
through increasing self-efficacy and activation is a central component to
these models. An increasing body of literature suggests that two
approaches are particularly helpful in promoting patient activation:
cognitive, behavioral-based, self-management programs and peer support
and visitation programs.

Self-Management
Self-management interventions delivered within an overall context of a
collaborative care delivery model have gained widespread application in
the treatment of diabetes, arthritis, and other chronic conditions associated

with pain, distress, and functional impairments, such as limb loss.3,70
Many individuals interpret the associated consequences of their conditions
as uncontrollable. This decreased self-efficacy and perceived lack of
control increase pain and negative emotional responses and lead to further
physical and psychosocial disability. Self-management strategies
incorporate the principles of cognitive-behavioral theory, which helps
patients appreciate the relationship between their thoughts and feelings and
behaviors, identify self-defeating patterns of thought, and replace such
patterns with adaptive thoughts and behaviors to achieve better outcomes.
Using cognitive-behavioral theory to develop alternative cognitive and
coping approaches, self-management interventions decrease maladaptive
coping responses, such as catastrophic thinking, and increase self-efficacy
and the individual’s ability to self-manage medical and psychological
problems. Cognitive, behavioral-based interventions use active structured
techniques to focus on skill acquisition and encourage adaptive coping.
Self-management interventions achieve long-term reductions in pain and
disability primarily by increasing self-efficacy and decreasing catastrophic
thinking rather than instituting specific changes in behavior.
The Promoting Amputee Life Skills (PALS) program is a selfmanagement program that was designed specifically for individuals with
limb loss.96 This eight-session program is designed to develop skills to
improve the quality of life for those who have lost a limb. PALS is
designed to be delivered in a community setting by trained, volunteer
group leaders. Groups generally meet on a weekly basis and are organized
according to five topics: (1) an introduction to self-management and key
skills (for example, a review of how limb loss may affect one’s life,
communication, relaxation, and problem-solving skills); (2) health and
activity (focuses on things one can do to make mind and body healthy,
including how to manage one’s skin and residual limb, be more active,
maintain good sleep habits, and make healthy choices related to smoking
and alcohol use); (3) managing emotions (explores ways to manage
emotional ups and downs, builds positive moods and resilience after limb
loss, and identifies strategies for protecting oneself against distress); (4)
family and friends (focuses on how amputation affects relationships with
family, friends, and social roles and teaches effective strategies for
communication in difficult situations); and (5) looking ahead to the future
(helps participants identify goals for participating in meaningful activities
and maintaining health, identifies the warning signs of setbacks, and

teaches skills to help overcome these setbacks).
PALS was compared with support group participation in a randomized
controlled trial of 522 individuals with limb loss.96 Compared with the
control group, PALS participants were 2.5 times less likely to report
symptoms of depression, reported better function, were less bothered about
limitations of everyday function, reported higher levels of general selfefficacy, and reported more positive moods. The effect of the PALS
intervention is comparable to those found in other evaluations of selfmanagement courses designed for chronic diseases.97 The effects were
greatest for participants who completed the program, patients younger than
65 years, and those who were less than 3 years postamputation, suggesting
that early intervention may be more effective.
Additional self-management programs may be helpful for patients
whose amputation is related to other chronic health conditions, such as
diabetes. These programs are available nationwide. For individuals who
experience amputation as a result of trauma, the NextSteps selfmanagement program98 is available in-person at trauma centers that
participate in the Trauma Survivors Network and online. The online
version provides a cost-effective strategy for connecting trauma survivors
throughout the United States and teaching them the essential skills of selfmanagement. Participants join the online NextSteps program in groups of
8 to 12 individuals and spend 6 weeks working through online lessons (at
their own speed) and participating in facilitated online chats.
The self-management literature indicates that programs incorporating
social support and peer interaction have the greatest effects in changing
behavior and maintaining these gains. Thus, delivering the selfmanagement program in the context of social interaction and support may
enhance an individual’s perceived ability to carry out the self-care regimen
necessary to achieve positive outcomes.

Promoting Peer Support
Peer support is effective in decreasing feelings of isolation, increasing
optimism for the future, and improving coping abilities and self-efficacy.
One-on-one peer visitation in the hospital may be particularly effective in
helping patients cope with the early aftermath of an amputation. An
appropriately trained peer visitor can offer support and encouragement that
only someone who has successfully gone through a similar experience can
provide. Peer visitors also offer practical suggestions for living with an

amputation. Peer visitation is an integral part of the United States Armed
Forces Amputee Patient Program37 and is highly valued among service
members with combat-related amputations.39
The Amputee Coalition has now trained and certified a network of
more than 1,000 peer visitors (including patients with amputations and
their families) throughout the United States, most of whom are affiliated
with one or more healthcare facilities.99 A peer visit may be requested
from the organization.100 Both the Amputee Coalition and the American
Trauma Society provide resources for establishing hospital-based peer
visitation programs.
After patients are discharged from rehabilitation, group peer support
programs provide ongoing support and the opportunity to connect with the
increasing number of individuals who are facing similar challenges in
living with limb loss.101-104 The Amputee Coalition of America has
developed a well-established network of more than 300 peer support
programs nationwide.100 The groups are typically based at healthcare
facilities and are registered with the Amputee Coalition.

Summary
Secondary conditions of depression, PTSD, body image, social stigma, and
pain are substantial problems for community-dwelling individuals with
limb loss. These secondary conditions often are associated with activity
limitations, restrictions in participation, and reduced quality of life.
Programs and services that empower patients to become active participants
in their lifelong care are needed to meet the increasing demands placed on
them by an evolving healthcare system that holds both consumers and their
providers accountable for successful outcomes.
Several lines of research suggest various approaches that may enhance
outcomes and expand the continuum of care. Brief established and/or
validated assessment tools are available to provide early screening.
Effective treatments are available to manage depression, general anxiety,
and PTSD. Recognition is growing that peer mentors and support groups
may assist individuals with new impairments with successful adaptation.
Self-management training may assist patients in managing subclinical
levels of distress and prevent more severe mental health symptoms.
Finally, it is well recognized that computer-based health information and
support systems disseminate information; link people to needed resources;

connect people online who are facing similar challenges; and develop
communities of individuals with common interests, aspirations, and needs.
Although only recently developed, these programs and services have the
potential to be successfully used by individuals with limb loss.
Attention to the psychosocial needs of patients and their families is
part of comprehensive care. Effective clinicians providing care are guided
by the biopsychosocial model, follow patient-centered care principles, and
use a team approach. Integrated models of care delivery that tend to both
physical and psychological symptoms associated with an amputation are
essential for improving outcomes that matter most to patients.
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Abstract
Limb loss may substantially affect an individual’s life. If a patient does not
use a prosthetic device, appropriate rehabilitation will still help optimize
functional potential and quality of life. The rehabilitation program must
address all aspects of the patient’s life and should include a plan for
successful reintegration into home and community roles. Understanding the
patient’s goals and aspirations will ensure that a realistic rehabilitation
program is developed. Such a program may aid in avoiding substantial
expense and emotional frustration.
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Introduction
In 2005, it was estimated that 1.6 million individuals were living with limb
loss, and by 2050 this number is predicted to be more than 3 million.1 It is
well documented that individuals with limb loss are susceptible to
secondary health conditions and experience higher mortality rates.
Healthcare costs after limb loss can be very high. For US service members

with limb loss from Operation Iraqi Freedom and Operation Enduring
Freedom, cost projections for prosthetic care over a 5-year period were
more than $115,000 for individuals with unilateral upper limb loss, more
than $225,000 for those with unilateral lower limb loss, and more than
$450,000 for those with multiple limb losses.2
The field of prosthetics is evolving and advancing. In the past 10 years,
there have been important advances in microprocessor knees, socket
fabrication, and suspension systems that have allowed more individuals
with limb loss to become functional users of prostheses. Although most
individuals with limb loss can benefit from a prosthesis, there are select
populations who are not candidates for prosthesis use.
The reason an individual with limb loss may not wear a prosthetic
device can vary widely. Contraindication may be associated with factors
such as the patient’s age, the severity and location of injury or amputation,
prior level of function, health status, life expectancy, skin integrity,
economic resources, prosthetic resources, motivation, psychological
issues, and the potential for an acceptable socket fit.
Some individuals with limb loss who elect prosthesis use will abandon
the prosthesis if they feel it is a hindrance or difficult to use.3,4 A poorly
fitting socket can lead to disuse of a prosthetic device.5 The rates of
prosthesis rejection are higher in individuals with more proximal levels of
limb loss and are more common in those with upper limb loss and multiple
limb loss.4,6

Rehabilitation Considerations
It is important that the patient receives appropriate rehabilitation after limb
loss, even if he or she decides not use a prosthesis. Appropriate
rehabilitation will optimize the patient’s functional potential and quality of
life.
A thorough evaluation will identify functional limitations that will
guide the treatment program. This, along with an understanding of the
patient’s goals and aspirations, will ensure that rehabilitation sessions are
focused. Therefore, the most important step in the rehabilitation of an
individual with a limb loss is a careful initial evaluation so that realistic
goals can be established. Substantial expense and emotional frustration can
be avoided if realistic goals are established and presented to the patient,
care provider, and family. For example, a patient with a transfemoral

amputation who has diabetes and coronary heart disease will require a
motorized wheelchair for mobility, whereas a young, fit individual with
bilateral limb loss can be expected to master the use of prostheses if he or
she has no cognitive or psychological impairments and access to prosthetic
care.
A rehabilitation program consisting of cardiovascular exercises,
resistance training, core strengthening, balance training, and flexibility
should be implemented early. Functional training also should begin early
so that the patient can learn to independently perform activities of daily
living without a prosthesis; this will ensure full independence when the
prosthesis is not available.7,8 The unique rehabilitation needs of the patient
should be addressed throughout the recovery process to ensure continued
progress.
The support of family or friends is important, and social support should
be provided throughout the rehabilitation process. As the family provides
support during the challenging recovery period, they, along with the
patient, can learn the techniques needed to perform activities of daily
living. Participation in rehabilitation sessions allows the family to have a
better understanding of the patient’s functional potential. Although the
effects of family dynamics and cultural norms are beyond the scope of this
chapter, the rehabilitation specialist should be aware of these factors when
interacting with both the patient and his or her family.

Patient and Family Education
It is important to educate the patient and the family throughout the
rehabilitation process. Early on, it is important to outline the broad
rehabilitation plan of care and to answer any questions that may arise. The
clinician should continue to educate the individual on his or her progress
and anticipated outcome. During this time, the patient should be
encouraged to make healthy life choices because a healthy lifestyle with a
proper diet and exercise can mitigate the secondary health conditions
associated with a sedentary or mobility-restricted lifestyle. Early
involvement of dieticians and mental health specialists can help ensure that
the patient is receiving the needed support to deal with the physical and
psychological implications associated with limb loss.

Transfer Training

Transfer training is performed routinely by rehabilitation specialists,
especially for individuals with limb loss. It is important to perform transfer
training as soon as possible after the amputation. This training will help
bolster the patient’s confidence and independence and may facilitate an
early return of function. The level and detail of the initial training varies
depending on the patient and the type and level of limb loss. Training
should include the following transfer skills: bed to wheelchair, wheelchair
to bed, wheelchair to toilet, toilet to wheelchair, wheelchair to floor, floor
to wheelchair, wheelchair to vehicle seat, vehicle seat to wheel chair, sit to
stand, and stand to sit (if unilateral). Techniques are identical to those
taught in the initial phase of physical and occupational therapy treatments.
The patient should be encouraged to perform these transfers as
independently as possible.

Assistive Devices and Wheelchairs
Individuals with limb loss should be properly trained on ambulation with
an appropriate assistive device (such as canes, crutches, and walkers).
These devices are available in a wide variety and varying qualities, so it is
important to choose devices that are safe, durable, and functional. The
patient’s input and interests should be considered when selecting the
appropriate assistive device. After selection, the device should be properly
fitted and sized to the individual. A properly fit assistive device should be
comfortable to use and should mitigate unnecessary stress or compression
on the surrounding anatomy. Improper fitting can cause compensatory
actions that may lead to secondary health issues or injuries to the
surrounding joints. Such actions could prolong the rehabilitation process
and lead to limited use of the assistive device. After the device is properly
fitted, the patient should be educated and trained on its correct use. The
training should include an explanation and a demonstration of how to use
the device in different settings (for example, flat surfaces, ramps, and
stairs). Initially the patient with limb loss may need assistance; however,
the goal is to progress toward independence with the assistive device.
Proper selection and training is equally important for the patient who
uses a wheelchair for mobility. Both manual and battery-powered
wheelchairs are important in providing mobility for the population of
patients who are unable to use prostheses. For many patients, the
wheelchair is the only means of locomotion and most of the day is spent in

the wheelchair. It is imperative that the wheelchair, including the chair
itself and the cushion and other components, be appropriately sized for the
individual. Considerations should also be made for components needed for
manipulating the chair in patients with upper limb loss or those with both
lower and upper limb loss.8
Most rehabilitation specialists have a basic understanding of how to
size and fit a wheelchair for a patient with limb loss. Some clinicians
receive additional training and certifications in wheelchair prescription,
and these clinicians can serve as excellent resources if needed. Wheelchair
vendors also can provide an overview of their products to better assist the
rehabilitation specialist in choosing the best chair for the individual user. It
is important to include the patient in the decision-making process. When
choosing the most appropriate wheelchair, it is important to select a
reliable vender with a dependable maintenance plan so that repairs can be
made as needed. Modern battery-powered wheelchairs are available with
custom-built controls, which allow an individual to manipulate the chair
using many parts of the body, including the head, the mouth, and the
shoulder. Even more sophisticated control methods are on the horizon in
this quickly developing field.
The patient should be given comprehensive instructions on operating
the wheelchair and basic maintenance requirements. Initial training
includes flat surface movement, initiating and stopping movements, and
minor ramp training. More advanced training includes curb training,
wheelie training, and sport-specific training if the patient has an interest in
a particular sport or recreational pursuit.
If the wheelchair is the primary device for locomotion, the patient
should be educated on the importance of skin checks and methods of
pressure alleviation. Improper skin hygiene can cause skin breakdown,
which can result in infection and deep tissue necrosis. Any adverse health
condition can have a substantial negative effect on the patient’s quality of
life, especially if further treatment is required or a prone cart must be used
for mobility during wound healing.
Although electric scooters, such as the Segway (Segway Inc), are not
viewed as a wheelchair alternative, they provide another means of
locomotion for a select group of individuals with limb loss. If the
individual has the resources and is able to safely operate an electric
scooter, research should be undertaken to identify the appropriate model
and associated accessories, such as a seat (Figure 1). These devices can be

expensive; however, organizations can assist with purchasing costs. If an
electric scooter is being considered, the ability to transfer to the device is
an important concern that must be addressed.

Dressing
Dressing poses different challenges for individuals with upper limb loss
compared with those with lower limb loss. For many individuals with limb
loss, clothing modifications can be simple. For individuals with unilateral
upper limb loss, wearing loose-fitting pants or skirts increases the ease of
dressing the lower body. Elastic at the waistline eliminates the need to
manipulate buttons or zippers; however, the style of such clothing may not
be desirable for some individuals. Unobtrusive changes, such as snaps,
magnetic closures, or a fabric hook-and-loop fastening system, may be
used. Clothing that can be stepped into and pulled up may be more easily
donned than items that must be pulled over the head. If buttons are
required, larger buttons are easier to manipulate with a single hand.

Figure 1

Photograph of an individual with a hip
disarticulation and bilateral upper limb amputation using a
Segway scooter modified with the Ally Chair (LayneBuilt). This
is the primary, preferred mode of mobility for this patient, who
steers the device with movement from his right lower limb.

Lacing shoes can be extremely difficult to accomplish with one hand,
so slip-on shoes, shoes with a fabric hook-and-loop fastening system,
elastic shoe laces, or those that close with a boa closure system may be
desirable. A shoehorn may be helpful for donning tight fitting shoes.
For individuals with unilateral or bilateral lower limb loss, the primary
concern is dragging the excessive length of the pant or skirt when in a
wheelchair or ambulating on crutches. This concern is easily addressed by
securing the pant leg or skirt hem with a safety pin, snap, fabric hook-andloop fastening system, or other fastener. Practical shoes should be worn if
the individual uses crutches for ambulation. The shoes should have a low

or no heel and should be securely fastened to the foot with laces or straps.
Individuals with bilateral upper limb loss who choose to not wear a
prosthesis may require additional modifications for dressing. Loose-fitting
clothing with limited or no needed fastening will be easiest to manage.
Positioning of clothing to assist with donning can be extremely helpful.
For example, a shirt can be positioned on a bed so the individual can easily
use his or her residual limbs and mouth to pull the shirt over the limbs and
head. Body movements using gravity or friction along a wall or bed can
assist with getting a shirt down over the torso. A hanger may be useful for
donning open-front shirts, and a simple closure system should be used to
ease front closure. Hooks also can be applied to the wall to assist with
dressing, and attaching them to mirrors allows for better visibility by the
user. To don and doff pants, the individual can get into his or her pants
lying on the bed, followed by using gravity and friction against the
mattress to slide the pants up the legs and over the buttocks. A nonskid
material can be placed on the wall just below waist level to assist with
raising and lowering pants over the hips. Suspenders can be used to allow
an individual to wear pants with a loose waistline, which will ease donning
and eliminate the need for a belt. If the individual wishes to wear a shirt
tucked into his or her pants or skirt, elastic loops can be attached to the
bottom hem of the shirt, allowing the user to use his or her feet to pull the
shirt into the pants or skirt. Individuals with bilateral upper limb loss often
develop a large range of motion and dexterity with their feet to accomplish
tasks such as dressing as well as other personal care tasks.9

Personal Hygiene
Personal hygiene activities, such as bathing and grooming, pose different
problems for individuals with upper versus lower limb loss. Adaptive
devices are available to aid individuals with upper and lower limb loss
(Figure 2). For individuals with lower limb loss only, the primary
accommodation is to provide assistance in getting into and out of the
shower or bathtub. Shower seats should be installed and positioned to
allow full access to the shower controls. If these seats are not mounted to
the shower or bathtub, they should have rubber feet to ensure security
when transferring. Grab bars should be positioned around the shower and
bathtub to assist with safety during transfers. Ideally, the bathroom should
be large enough to accommodate a wheelchair for use after the shower, or

the individual should be reminded to use extreme caution when using
crutches on a potentially wet bathroom floor.

Figure 2

Photograph shows several of many adaptive
devices that allow independence when showering. Shown are a
shower bench, pump soap dispenser, and long-handled
sponges.

Upper limb loss creates many more difficulties for bathing and
grooming activities than lower limb loss. The process of bathing and
showering can be eased for individuals with unilateral upper limb loss
through the use of long-handled sponges and wash mitts.10 Wash mitts
also can be used by individuals with bilateral limb loss by attaching an
elastic band to the mitt, allowing the user to secure it to his or her residual
limb. A gooseneck clamp can be installed to hold a scrub brush or wash
mitt. Pump and motion-activated shampoo and soap dispensers allow for
dispensing of these items using a single hand or residual limb. After a
shower, individuals with bilateral upper limb loss can dry themselves by
donning a terry cloth robe or using a wall-mounted hair dryer.
There are many adaptive devices that can be used for single-handed

grooming (Figure 3). Dispensing toothpaste onto a toothbrush is easier
with a flip-top or pump-action toothpaste container instead of a screw-top
container; the toothpaste can be dispensed onto the toothbrush placed on
the counter with the bristles facing up.10 Although many items have been
adapted for individuals with decreased upper limb function, one-handed
nail clippers and nail brushes have been identified as two of the most
beneficial adaptive aids.11 Individuals with bilateral upper limb loss can
use a gooseneck clamp installed by the sink to hold a toothbrush, razor, or
other necessary items.

Figure 3

Photograph of a low-cost adaptive device for
shaving that permits an individual with upper limb loss to
accomplish a grooming activity.

Independent toileting can be an extremely difficult problem for an
individual with bilateral upper limb loss, and elastic suspenders and good
bowel training programs are recommended because doffing and donning
pants can be difficult and time consuming.12 If the individual has
sufficient foot function and flexibility, his or her foot can be used to wipe
the groin. Otherwise positioning of tissue on the toilet seat or use of a bidet
may be helpful for maintaining appropriate hygiene.

Dining
Dining concerns primarily affect individuals with upper limb loss. Nonskid
materials can be placed between the table and plate or bowl to prevent
them from sliding. Plates and bowls can also have a rim to increase the
ease of loading the utensil. Rocker knives can be manipulated by the sound
limb for individuals with unilateral limb loss or by the residual limb, foot,
or mouth for those with bilateral limb loss. When dining at restaurants, an
individual with upper limb loss may request that his or her meat be precut
to avoid the use of these utensils. For an individual with bilateral upper
limb loss, straws are extremely useful for drinking.

Writing and Typing
Writing and typing skills are important for personal and professional
activities. Programs have been developed to train individuals to write with
the nondominant hand in as short a period as 4 to 6 weeks.13 Individuals
can be trained to type with a single hand on a full-size keyboard. Although
typing with a single hand is achievable, voice recognition software may be
preferred by those with unilateral upper limb loss and will be extremely
helpful for those with bilateral upper limb loss. Reviews of features and
cost should be evaluated when choosing the most appropriate voice
recognition product for the individual with upper limb loss.14

Adaptive Sports
Many individuals who sustain a traumatic limb loss were active and
involved in sports and recreational activities before their injury. When
appropriate, the individual should be introduced to different adaptive sport
and recreational activities. Being involved with these types of activities
can substantially improve the physical and mental well-being of the
individual and provides an opportunity to remain active and interact with
those who have similar limitations. This peer-to-peer interaction allows
ideas and experiences to be shared.
Many sports can be performed without the use of a prosthesis, and
most require only minimal adaptations. Swimming does not require a
prosthesis but may require time to become accustomed to changes in
buoyancy (Figure 4). Initially, an inflatable vest can be worn to ease
anxiety as the individual becomes accustomed to remaining balanced in

the water.
Individual sports such as skiing, kayaking, golf, and cycling are also
commonly enjoyed by those with limb loss. Some ski locations have onsite disabled organizations to provide adaptive equipment such as sit-skis
and outriggers, and interested individuals should be encouraged to contact
ski locations in their area to determine the availability of such equipment.
Adapted equipment for kayaking can include padding or filler in the kayak
to fill the space of lost lower limb or a kayak with pedal for individuals
with upper limb loss. Adaptive golf carts are available for those with lower
limb loss who may be unable to stand when hitting the ball. Adaptive grips
can be used on a golf club to assist with hand positioning for individuals
with unilateral upper limb loss. Cycling can be accomplished using either a
hand-cycle or a foot-pedal recumbent bike.
Many team sports are ideal for individuals with limb loss who choose
to not wear prostheses. These sports are often organized to ensure that
individuals with different disabilities can participate, and prosthesis use
may be discouraged or not permitted. Sitting volleyball and wheelchair
basketball are two examples of team sports in which a prosthesis is not
needed. Because an individual with lower limb loss has trunk control and
stability, he or she can often perform well on these teams.
Many local organizations can assist individuals with limb loss who
want to become involved in adaptive sports.15 After individuals try a sport
and determine that they would like to participate, they should be
encouraged to discuss the availability of specific adaptive equipment with
the clinical team.

Figure 4

Photograph shows an individual with lower limb
loss swimming without adaptive equipment. There are many
ways to remain physically active after an amputation that
require no or limited adaptive equipment. (Courtesy of Disabled
Sports USA).

Peer Support Programs
Peer support programs are excellent resources for individuals with limb
loss. For example, the Amputee Coalition has trained more than 1,000
certified peer visitors to meet with amputees and their families.16
Information on requesting a peer visit or becoming a certified peer visitor
is available on the Amputee Coalition website. A peer visit can be
scheduled before or after amputation surgery and is open to the individual
and/or the individual’s family or caregivers. These visits can be conducted
in person, via email, or by phone. The visit is an opportunity for someone
who has recently experienced limb loss to speak with someone who has
achieved a successful recovery after limb loss. These visits provide the
individual with valuable information on what to expect during the recovery
process and provide an opportunity for the individual and the peer visitor
to discuss the emotional and physical challenges of limb loss.

Figure 5

Photograph of a man with upper limb loss working
with a driving rehabilitation specialist. These specialists
educate and train amputees on using adaptive equipment to
make driving safe and comfortable.

Driving Rehabilitation
Accommodations to permit driving are a valuable part of the rehabilitation
process. There are approximately 400 driving rehabilitation specialists in
the United States who can assist with appropriate vehicle selection and
modifications8 and provide instructions on skills and techniques to allow
an individual to drive (Figure 5). Medical clearance for driving and
referral to a certified driving rehabilitation specialist is provided by the
amputee’s physician. After the driving rehabilitation specialist identifies
the appropriate vehicle modifications and assistive devices, it is common
to start driving in a controlled environment and performing simple tasks
before progressing to more challenging driving skills. Hand controls can
provide an individual with bilateral lower limb amputation with the ability
to drive. After capability and confidence to safely drive in a controlled
environment is demonstrated, the amputee is cleared to drive
independently within the community. The ability to drive aids in regaining

independence and allows access to more vocational opportunities.

Home Modifications
The home environment should be modified to optimize function for an
individual with limb loss. The needs and types of modifications will vary
based of the individual and the level of injury. Examples of home
modifications include ramps for access and egress from the home, stair
lifts, wider doors, the addition of grab bars and elevated toilet seats, lower
counter heights, and adaptive door handles and light switches. Grants and
other funding may be available to assist an amputee in making these
modifications and should be discussed with his or her case manager.

Summary
A variety of reasons lead individuals with limb loss to forgo the use of
prosthetic devices. As with all patients, the most important steps in the
rehabilitation of an individual with limb loss are a careful initial evaluation
and achieving an understanding of his or her goals and aspirations so that a
realistic program can be established. A rehabilitation program should
begin early and include cardiovascular exercises, resistance training, core
strengthening, and balance and flexibility training as well as training to
improve function and accomplish activities of daily living. Adaptive sports
are also key components of a complete program.
Each component of a rehabilitation process poses different problems
for individuals with upper versus lower limb loss, and it is important to
educate the patient and the family throughout the process. Peer support,
driving rehabilitation, and home modifications may also contribute to the
successful societal reintegration of those with limb loss.
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Chapter 61

Vocational Considerations
After Amputations
Helena Burger, MD, PhD

Abstract
Amputation has a profound influence on an individual’s ability to return to
work. The goal of postamputation rehabilitation is to allow individuals to
integrate back into their communities as independent, productive members,
suggesting a return to meaningful employment. To better understand the
challenges of returning to work, it is helpful to separately examine the effects
of upper and lower limb amputation using the perspectives of the
International Classification of Functioning, Disability and Health.

Keywords: lower limb amputation; return to work; upper limb
amputation; vocational rehabilitation
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Introduction
Amputation represents a change in body structure. It has a substantial
influence on an individual’s ability to perform many activities, societal
participation (including the ability to work), and quality of life.1-22 The
first article about reemployment and vocational problems after amputation
was published in 1955.23 Interest increased in this topic, and more studies
were conducted on return-to-work rates and vocational challenges in the
1990s and continue today.9 The number of studies related to return to
work among military personnel and veterans has also increased. The
studies have been performed in different countries on five continents, with
most originating in North America and several European countries, mainly

the Netherlands and the United Kingdom.9
The ultimate objective of postamputation rehabilitation is to allow
individuals to integrate back into their communities as independent,
productive members, suggesting a return to meaningful employment.
Although a change in employment may be required, rehabilitation
outcomes are successful when a person returns to active employment.24
Several factors influence the return to work. According to the
International Classification of Functioning, Disability and Health,25 the
factors can be divided into the topics of health conditions, body functions
and structures, activities, and environmental and personal factors. The
factors presented in this chapter follow this classification, with separate
considerations for individuals after both lower and upper limb amputations
and for war veterans. Individuals affected by lower limb amputation have
different activity limitations and participation restrictions than those
affected by upper limb amputation. Although both populations have
problems with driving and carrying objects, individuals with lower limb
amputation also have problems standing, walking, running, kicking,
turning, and stamping. In contrast, individuals with upper limb amputation
have problems grasping, lifting, pushing, pulling, writing, typing, and
pounding.26

Lower Limb Amputation: Return-to-Work
Considerations
The rates of successful return to work differ among studies and are
difficult to compare because the inclusion criteria vary considerably.3,5,2731 The rate of employment or unemployment is based on the definition
used and varies in one study from 71.5% to 88.4%, depending on the
chosen definition.31 Reported return-to-work rates range from 43.5%12 to
almost 100%.1 Most reported rates are between approximately 50% and
66% after a unilateral lower limb amputation and much lower
(approximately 16%) after a bilateral lower limb amputation.8,29,32-38
Long-term survivors of high-grade osteosarcoma appear to be unique in
that this population experienced no major problems in their
employment,39,40 with a return-to-work rate greater than 95%.41,42
Only one study compared the return-to-work rate of individuals after
amputation with the employment rate in the general population.43 The
authors found a larger proportion of retired and unemployed individuals

among men after amputation and a smaller proportion of students than in
the general population of Asturias, Spain.43 Men who had undergone an
amputation also attained lower educational levels than the general
population, whereas no such differences were found in women.
The reemployment rate alone does not provide sufficient information.
After lower limb amputation, many patients work only part time or change
their job (described below under Environmental Factors). An estimated
15.6% to 50.0% of patients work part time after amputation.5,15,28,29,34
The median return to work was 12 months in most studies, ranging from
1.5 months to 21 years.15,29,30,37

Health Status
Negative predictors of return to work include comorbidities,8,44,45 level of
disability,46 work-related amputation etiology,15,44 comorbid major
injuries during the event that caused the amputation,8 problems with
residual and contralateral limbs,8 and phantom and residual limb
pain.12,44,47 Only Ide et al34 found that both residual limb pain and
phantom pain did not influence return to work, but patients with more
severe pain were less satisfied with their work. Ide et al34 and Fisher et
al35 also reported that the etiology of the amputation did not correlate with
satisfaction with working life or return to work. After amputation,
secondary impairments may develop, including hip and knee
osteoarthrosis, low back pain, and osteoporosis.48 These impairments may
also influence the ability to work, but research is needed to confirm this
relationship.

Body Functions and Structure
Although some studies demonstrate that lower limb amputation decreases
muscle strength, causes balance problems, and may decrease range of
motion,49-52 no studies exist on whether these considerations of body
functions create problems at work or adversely affect return to work. A
relationship seems likely because these factors influence some activities
such as walking on level ground, walking on varied terrain, and climbing
stairs.49,50
Level and Type of Amputation
Between 3.5%1 and 50.0%37 of individuals who have undergone lower

limb amputation are unable to work.27,29,31,44 Approximately 15% of
patients (range, 14.0% to 17.6%) retire because of amputation,35,36 and
55% stop working within the first 2 years after amputation.29 After
amputation, approximately 25% of employed persons experience periods
of unemployment lasting longer than 6 months.31
Higher levels of amputation may decrease return-to-work rates.
Persons with transfemoral amputations have lower return-to-work rates
than those with a transtibial amputation.5,15,30,45 Livingston et al15
reported that no individuals within their cohort returned to work after
transfemoral amputation. In contrast, Fisher et al35 reported no correlation
between the level of amputation and scores on an employment
questionnaire. Return to work has been reported as lower with multiple
amputations.31,38 In addition, individuals with transtibial amputation are
more willing or able to work than those with successful limb salvage.53
Skin
Up to 41% of patients who have undergone lower limb amputation can
have different types of skin problems, including wounds.54-56 More active
individuals have an increased risk for the development of skin problems.
Those who are employed, walking without ambulatory aids, and walking
in the community have more skin problems than unemployed and retired
individuals; those using two canes, crutches, or a walker; or those walking
at home only.56

Activities and Participation
Several studies reporting on return to work after amputation have
described the problems individuals reported in their work environments,
including walking, climbing stairs, driving, and using public
transportation.1,5,7,8,15,26,30,52 However, these reports are derived from
older studies and may have changed markedly during the past 20 years.
The immediate influence of considerations of activities and
participation on return to work has not been directly studied. However,
walking distance and restrictions in mobility have a substantial, clinically
relevant influence on the individual’s ability to return to work.44 Better
physical functioning 3 months after amputation and a lower disability level
are positive predictors for return to work.46,47 Basic physical activities are
important considerations in going to and from work and also for some
working tasks26 and can therefore reduce productivity when impeded.35

Environmental Factors
Prosthesis
After amputation, a prosthesis is needed that enables the patient to perform
his or her work and is suitable for physical and environmental
requirements. Most patients require a prosthesis that decreases the
frequency of stumbles and falls, enables good mobility, and allows the
individual to perform activities that require divided attention.57 Some
individuals require specific adaptations of the prosthesis (for example, the
inclusion of a rotating component above the knee to enable access to the
cockpit of an airplane).58 Both the use and wearing comfort of a prosthesis
influence return to work in a substantial, clinically relevant manner.44
Problems with the prosthesis are among the major reasons for reduced
productivity.35
Climate
Climate is one of the most common environmental barriers for individuals
after amputation (in 55.4% of cases).59 A hot climate can increase
sweating and skin problems; a cold climate can influence battery working
time for those with a battery-powered prosthesis. However, no studies
exist on the influence of climate on return-to-work rates or problems at
work.
Geography
Physical environment is the second most common environmental barrier
(in 54.7% of cases), especially for individuals after lower limb
amputation.59 Walking up and down hills and on uneven terrain is more
difficult than walking on smooth, even ground. However, as with climate,
no studies exist on the influence of geography on either return-to-work
rates or problems at work.
Type of Work
Although Fisher et al35 found no difference in employment rate associated
with the type of previous work (skilled versus unskilled), 4%27 to 60%30
of patients have to change to a different job after lower limb amputation.
In most studies, the reported proportion is approximately one-third.4,29,45
A general shift from manual to nonmanual employment has occurred,
trending toward more administrative and/or scientific/technical work.12,29

Most individuals move between one and three grades below their
preamputation employment classification (that is, from skilled to
semiskilled or unskilled occupations).12 The demands of the job before
and after amputation, assessed on a scale ranging from 0 to 16, decreased
from a mean of 12.1 to 8.3, respectively.8 Working before an amputation,
increased job involvement before amputation, and decreased workload
after amputation are all associated with increased success in return to
work.35,44,47
Between 28% and 43% of those who undergo lower limb amputation
require job adaptations16,29; almost one-third remain partially dependent
on colleagues.29 Adaptations needed for each amputation level are well
described by Girdhar et al.26 Two-thirds of patients feel that their
productivity is as good as before amputation,35 and one-fourth work
overtime hours.57 The main reasons for decreased productivity are
problems with the prosthesis (48%), transport difficulty (28%), and other
physical problems (20%).35
In their study, Nissen and Newman3 reported that 57% of the patients
were dissatisfied with work reintegration after amputation, citing fewer
possibilities for promotion.29 Livingston et al15 reported that most patients
who returned to work did so at a lower salary, but Wan Hazmy et al37
found that 40% held the same income. A lower status position and lower
income can result in loss of self-esteem and feelings of inadequacy.60
Individuals with higher income before amputation are more likely to return
to work.15,45 Low income is one of the most common environmental
barriers following both upper and lower limb amputation.59
Support
Family support, volunteers in the patient’s community, survivor groups,
health professionals, the possibility of vocational rehabilitation, and the
support of colleagues and supervisors have been observed as important
factors in successful return to work.29,36,40,45
Transportation Services
After lower limb amputation, many individuals experience problems
driving and using public transportation.1,5,7,15,27,35 Difficulty with
transport is one of the main reasons for decreased productivity35; hence,
accessible transportation may decrease these problems.

Legal and Social Security Services
Social security systems and services differ greatly among countries;
therefore, the results are difficult to compare, and results from one country
may not apply to another. When disability benefits exceed work income,
individuals may have no interest in returning to work, especially those who
are not satisfied with their work. The Dutch system, in which it is possible
to combine disability and other benefits proportionally with income from
work,29 seems conducive to stimulating return to work. Importantly, those
who return to employment may consume substantially fewer services than
unemployed individuals.12
Health Services, Systems, and Policies
Effective acute care and comprehensive interdisciplinary rehabilitation that
includes vocational rehabilitation is needed after amputation. Vocational
rehabilitation intervention increases return-to-work rates.31,36,44-46,60
Authors have found that one-third36 to one-half45 of patients need
vocational rehabilitation. In addition, many individuals can benefit from
workplace assessments.45 Shorter periods of acute care and less time from
injury to amputation surgery are positive predictors of return to work.45 A
prerequisite to such services is health insurance, which is difficult for
many amputees to obtain.42

Personal Factors
Sex
Millstein et al31 and Whyte and Carroll12 reported higher unemployment
rates among women than among men, whereas Schoppen et al29 found this
to be reversed among older adults. Wan Hazmy et al37 reported that more
women than men retained their jobs without affecting income (50% versus
31%).
Age
Younger age is a positive predictor for return to work.4,8,31,44,45,47 The
unemployment rate was 22% for patients younger than 45 years compared
with 48% for those older than 45 years.31 Another study reported that only
one of five individuals who lost their job after amputation was younger
than 45 years.4 Similarly, those who were older at the time of amputation
were more dissatisfied with reintegration into work activity.3

Education
Having attained a higher educational level is a positive, clinically relevant
predictor of return to work.15,44,47 However, certain pediatric amputations
have been associated with reduced rates of graduation from high school
and college.42
Other Factors
Other factors associated with increased return-to-work rates include
greater motivation,46 a positive attitude about return to work,61 being
white,8,47 being a nonsmoker,47 possessing higher self-efficacy,47 and an
absence of associated litigation.47 Higher unemployment in the general
population adversely affects return-to-work rates.46

Upper Limb Amputation: Return-to-Work
Considerations
The employment rates of individuals with upper limb amputation are lower
than employment rates for the general community.62 In Denmark, the
unemployment rate of patients with upper limb amputation is twice that of
the total population.6 The employment rate may further decrease as time
from amputation increases.62
Tremendous variability exists in the percentages of patients who
successfully return to work after upper limb amputation. As with lower
limb amputation, return to work after upper limb amputation depends on
the definitions selected.31 Nevertheless, one study has suggested that more
than 90% of individuals reported problems with employment or job
seeking after upper limb amputation.59
No data exist on whether individuals reemployed after upper limb
amputation were working full or part time The time required to return to
work ranges from 5 days to 24 months;15,18,63-65 this time may be shorter
for certain populations. Reed63 reported that farmers return to work 5 days
to 6 months after a major upper limb amputation.

Health Status
Individuals with upper limb amputation have higher frequencies of
depression and posttraumatic stress disorder symptoms than those with
lower limb amputation.66 Depression has been associated with lower

employment rates.63 Other health concerns that may correlate with lower
employment rates include both phantom limb pain12,31 and residual limb
pain.31,67,68 Several years after upper limb amputation, overuse
syndromes and secondary impairments (such as neck, shoulder, and elbow
pain, and carpal tunnel syndrome)69,70 can develop and may pose
additional problems at work.70

Body Functions and Structure
Level and Type of Amputation
Most authors have observed that the level of upper limb amputation affects
return to work. Individuals with transradial amputation have a lower
unemployment rate (range, 10% to 40%) than those with transhumeral
amputation (range, 22% to 57%).31,68,71,72 The return-to-work rate is
even lower for patients after bilateral upper limb amputation.11,62,67
Reemployment rates for individuals with finger or partial hand amputation
range from 64%20 to 72%.14 Individuals with amputation of three or more
fingers seldom keep the same job after amputation.14
The cause of the amputation also can influence return to work. Very
few individuals who sustained work-related amputation returned to the
same type of work afterward.15 The length of time before return to work is
increased for individuals with finger amputation because of work-related
causes (mean, 7.5 months) compared with those who underwent
amputation because of a non–work-related injury (mean, 1.7 months).20
More individuals with congenital upper limb deficiency are manual
workers than are those who have undergone traumatic upper limb
amputation.65 Amputation of the dominant upper limb compared with the
nondominant limb does not appear to influence return-to-work rates or the
type of work individuals return to,14,31,71 even when returning to
preamputation vocations.67
Skin
With burn-related amputations, the residual limb is often characterized by
areas of impaired sensation caused by scarring or skin transplants. This can
make fitting an upper limb prosthesis difficult and may present a problem
for those who would use their prostheses for work.73,74 Individuals who
choose not to use a prosthesis when working may be at risk for the
development of wounds.

Environmental Factors
Prosthesis
After upper limb amputation, an individual may work with or without the
assistance of a prosthesis,11,62,72,75-77 depending on the type of work and
the type of prosthesis. Approximately 16% of patients with upper limb
amputation indicate the prosthesis is the main factor preventing return to
work.67 However, other sources suggest that using a prosthesis is not a
prerequisite for employment.72 Employed patients who do not use a
prosthesis are mainly unskilled workers,11,72 which suggests that many
prosthetic components are not appropriate for heavy manual work.
Although studies have reported on using a prosthesis for work, they
have not investigated whether the type of prosthesis affects this
decision.11,62,72 Silcox et al76 reported that the highest percentage of
employed individuals with upper limb amputation used a body-powered
prosthesis for work (35%), followed by myoelectric prostheses (27%).
Approximately 50% of those surveyed indicated that they never used their
myoelectric or passive prosthesis for work. In contrast, Pylatiuk et al75
reported that more than 80% of individuals used their myoelectric
prosthesis for work. Myoelectric prostheses are used mainly for
occupations that require sitting at a desk or supervising others,76
handicrafts, or operation of electronic and domestic devices.75 Similarly,
Østlie et al77 reported that when rated on a scale of 1 to 5, the most useful
terminal device for work and/or school appears to be myoelectric hands
(mean score, 4.8), followed by body-powered terminal devices (mean,
4.3), myoelectric hooks (mean, 4.1), and cosmetic prostheses (mean, 3.5).
Silicone finger prostheses are also used more frequently by individuals
who have an occupation that requires sitting at the desk than those who
perform manual labor.14,78 It is important that all individuals who use
their prosthesis for work have a readily available backup prosthesis to
avoid interruption of work and activities when the prosthesis needs repair
or replacement.79
Despite recent advances in upper limb prosthetic technology, the upper
limb prosthesis still does not adequately replace the fine dexterous
movement and sensation of a human hand. Nevertheless, the use of new
components may make the observations of previous studies on return to
work obsolete and reduce problems experienced at work.

Climate
As with lower limb amputation, climate has been identified as a potentially
important barrier to return to work after upper limb amputation.59
Type of Work
Whether an individual will be able to perform the same work as before
undergoing upper limb amputation depends on both the type of work and
the amputation level. The percentage of individuals who change the type
of work they do after a major upper limb amputation varies from 20% to
100%.11,15,65,68,71,80 Some authors have suggested that all patients
undergoing upper limb amputation have to change the type of work they
do.67
In a study by Hattori et al,19 all of the patients who underwent partial
hand amputation returned to the same job; however, that data only
included persons who had undergone amputation of one fingertip. Other
studies reported that up to 47% of patients had to change the type of work
they do.14,18,20,21,81 Musicians playing string instruments, keyboards, or
woodwinds may have to change careers even if they have undergone
amputation of a nail and nail bed only.82 The Hand Injury Severity Score
(HISS) can help predict the ability of patients undergoing partial hand
amputation to return to their original jobs.83 *HISS assesses injuries to the
integument (skin), skeleton (bone), tendon, and nerves of each finger.
Most patients with a HISS score of less than 50 are able to return to their
original jobs, whereas those with a HISS score of more than 150 are
unable to return to their original jobs.83
Most patients who must change the type of work they do after
amputation previously performed unskilled manual work, such as driving a
truck, assisting in a shop, or working in a mine.11,12,14,20,31,62,71 Most of
these workers changed to clerical work and jobs in the service industries or
went back to school.11,31,62 Fernández et al71 reported that the lowest
percentage of workers returned to the agriculture sector, whereas Reed63
reported that all the farmers in his study returned to work very soon after a
major upper limb amputation. Improved knowledge of social- and workrelated policies within different countries is required to explain those
differences.
Modifying a workstation and/or redesigning tasks may make certain
job tasks easier or even possible to perform after upper limb
amputation.16,26 The changes needed depend on the task, the level of

amputation, and the type of prosthesis.26
As with lower limb amputation, individuals have fewer possibilities for
job promotions and reduced potential for salary increases after upper limb
amputation.31 Some researchers found that the size of a company did not
influence the return-to-work rate, whereas others concluded that it is a
fundamental factor.71 In France, companies with 5,000 employees or more
guarantee return to work (in the same or a different job), whereas in small
companies, the amputee’s return depends on the company’s structure, on
the competence and initiative of the individual, and on his or her ability to
perform another job.71
Legal and Social Security Services
Although Fernández et al71 found that social security is not a determining
factor regarding return to work, Gallagher et al59 observed (albeit in a
small sample) that more than 50% of amputees perceived laws,
regulations, and entitlements as a barrier. Return to work may be
facilitated by enlightened employers.79 Jang et al67 found that 12% of
patients reported lack of social awareness about individuals with
disabilities as a barrier for return to work after upper limb amputation.
Health Services, Systems, and Policies
If interdisciplinary rehabilitation programs do not include activities that
are important for return to work, the program may not be helpful and may
even prevent patients from performing their jobs.63,84 The time from
amputation to the first fitting of a prosthesis must be limited. Resnik et
al85 and Gaine et al65 observed that if this period extends beyond 30 days
or 12 weeks, respectively, then patients are less likely to work again.
Vocational rehabilitation and training may help individuals return to
their former jobs or reeducate them for new jobs after upper limb
amputation, especially for those employed in farming or manual labor
before amputation.16,67,79 Individuals who are capable of on-the-job
training have a higher return-to-work rate than those who need more
extensive vocational preparation.31

Personal Factors
Sex
Sex can also affect return-to-work rates, although observations have been

inconsistent. Some researchers found that women have a higher
unemployment rate than men after amputation;12,31,68 however,
Fernández et al71 found the rate for retired and unemployed men was
higher. Burger et al14 reported that more women than men were able to
return to the same job after partial hand amputation.
Age
Individuals younger than 50 years are more likely to return to work than
their older counterparts.68 Similarly, older patient age at the time of
amputation results in a reduced rate of return to work, and more older
amputees retire.14,31
Education
An individual’s level of education does not appear to have a substantial
influence on remaining employed after amputation, although those with
lower educational levels often have to change their job.11,14,15,65,68,71,80
Lower educational levels also make vocational rehabilitation more
difficult.62
Other Factors
Another factor is the year in which the amputation occurred. Patients who
underwent amputation during the 1960s and 1970s returned to work more
frequently than those who underwent amputation in later years.71 This is
most likely related to environmental factors such as general job market
conditions during the different eras and the evolution of social security
services.

War Veterans
The results of studies on war veterans are difficult to compare because
some report on return to work for military personnel in general,33,86-90
whereas others report on the return to active duty.91-93 Three additional
studies report on military personnel injured by land mines.94-96
The percentage of military personnel with an amputation who returned
to work differs greatly, both among countries and also in separate studies
within a country. The return-to-work rate for Iranian soldiers varied from
48% to 61%;88,89 the rate for US military personnel injured in Vietnam
varied between 70% and 98%.33,86 The percentage decreases with a higher

level of amputation.33,86,87 Comorbidities also can affect return to work.
Several years after the amputation, veterans may be affected by secondary
conditions such as back pain (44%) and contralateral knee pain (33%).88
In addition, approximately 75% of war veterans have psychological
problems.88 The only return-to-work rate reported for veterans after upper
limb amputation was 60%.97 However, the type of work was not reported
in the study.
During the past 15 years, the percentage of military personnel who
returned to active duty increased from 2% to 16% in the United States and
85% in the United Kingdom.91-93 Those who returned to active duty had
mainly sustained a partial hand or foot amputation or transtibial
amputation.91 Those with multiple limb amputations have the lowest
return-to-duty rate (3%).92 Military personnel who return to active duty
are a mean of more than 4 years older than those who do not,92 which may
relate to the observation that officers and senior enlisted personnel
returned to duty at a higher rate than younger personnel (35% versus
7%).92 Most veterans changed occupation after amputation, with an
observable shift toward the civilian sector.92,93 In the United Kingdom,
the mean time to return to work after amputation was 9.9 months (range,
4.5 to 24.3 months).93 Vocational functional outcomes were worse in
those who sustained more severe injuries, although the difference was not
significant.93
A 1999 study reported that among those injured by landmines,
approximately 33% returned to their previous occupation; others had to
change employment.95Among soldiers surviving a landmine explosion,
10% returned to duty after amputation.94 The return to work for this group
depends on several factors, including ethnicity, the type of prosthesis, and
the amount of disability pension.96

Summary
After lower or upper limb amputation, individuals can experience
problems in returning to work and/or adapting to their work environment.
Several related factors influence return to work after amputation. Because
different inclusion criteria and definitions of return to work are used in
studies, and because of the differences in health and social security
services and policies in different countries, reaching any strong
conclusions is difficult. However, the return-to-work rate may increase and

problems at work may decrease if patients are included in comprehensive
interdisciplinary rehabilitation that includes vocational counseling.
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Abstract
Limb deficiencies in children caused by failure of formation or amputation
are challenging to treat and differ from amputations in adult patients. When
caring for an infant or child, it is important to be knowledgeable about limb
development in utero and to be aware of specific pediatric considerations,
including etiology, associated medical conditions, and the effects of growth
plate preservation, angular deformities, and bony overgrowth. Familiarity
with the International Organization for Standardization (ISO) classification
system allows for better understanding and communication in treating
pediatric patients with limb deficiencies present at birth.
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Introduction
Limb deficiencies in children present unique challenges that are very
different from limb deficiencies in the adult population. This chapter
highlights these differences and introduces a rational approach to treating
the child with a limb deficiency that is based on knowledge and

understanding of the unique issues affecting these children. The main
differences between adults and children with limb loss are based on the
etiology of the deficit; the presence of a growing skeleton; and
physiologic, psychological, and lifestyle issues.
More than 50% of the children seen in practices that treat children with
limb deficiencies have deficiencies with a congenital etiology. These
congenital limb deficiencies are frequently more complex than the usual
transverse amputations seen in the adult population. Entirely different
classification systems are required for these congenital deficiencies to
enhance communication among practitioners and provide treatment
guidance. A basic understanding of limb development allows for a logical
explanation of some of these deficiencies, and it is a good starting point for
understanding limb deficiencies.

Brief Outline of Embryology
Limb development occurs very early in fetal life, with upper limb
development beginning 1 to 2 days before lower limb development. Limb
buds start as a local thickening of lateral plate mesoderm in the region
where the limb will develop. This leads to hypertrophy of the overlying
ectoderm (called the apical ectodermal ridge), which occurs in the fourth
week of gestation. Thereafter, limb development progresses at a rapid rate.
By the end of the eighth week of gestation, both the upper and the lower
limbs are in place, fully formed, and rotated into their normal postnatal
anatomic positions.
The limb growth along the three spatial planes is controlled by
different groups of cells. The growth along the proximal-distal axis is
controlled by the apical ectodermal ridge, whereas radial-ulnar plane
development is controlled by the zone of polarizing activity. Development
in the dorsoventral plane (the palm of the hand or sole of the foot) is
controlled by the dorsal ectoderm. By the seventh week of gestation,
toward the end of the limb formation process, the limbs rotate to their
normal anatomic locations. The forelimbs rotate laterally, which places the
thumb laterally in the anatomic plane, and the hind limbs rotate medially,
which places the big toe medially in the anatomic plane1 (Figures 1 and
2).
Many animal experiments have shown that interference with any of the
controlling cell groups (apical ectodermal ridge, zone of polarizing

activity, or dorsal ectoderm) will produce either limb absence or a
substantial malformation.2 The earlier the insult occurs during gestation,
the more dramatic the effect.

Etiology
Although all new amputations in adults are acquired, usually secondary to
vascular disease or trauma, in the pediatric population most limb
deficiencies have a congenital etiology, and only a small number have
acquired causes such as traumatic injury, neoplasm, or infection. A
congenital etiology frequently results in a complex deficiency that is not
easily described in the terms commonly used to characterize transverse
deficiencies in adults. Congenital etiologies often result in multimembral
deficiencies with other organ involvement.3 In most congenital limb
deficiencies, no clear mechanism or causative factor has been identified.
Based on the limb defect and knowledge of embryology, an educated
estimate can be made regarding the timing of the intrauterine insult that
caused the limb deficiency. Clearly, in most patients, the insult occurs in
the first trimester. Several factors have been identified that can influence
early skeletal development, including drugs (for example, thalidomide),
environmental toxins (for example, mercury), ionizing radiation (for
example, x-rays), genetic defects, trauma, and poor intrauterine
environmental maternal health (for example, maternal diabetes).

Figure 1

Illustration shows the proximal (prox) to distal (dist)
progression of limb development during gestation.

Maternal nutritional deficiencies (particularly insufficient folic acid)
have been identified as a causative factor in neural tube defects (such as
spina bifida with meningomyelocele); however, poor nutrition has not
been conclusively linked to congenital limb deficiencies. Because all
major organ development occurs early in gestation, it is often complete
before the mother realizes that she is pregnant. Nutritional supplements,
which are thought to promote healthy organ development, should be part
of a good antepartum diet. Some conditions occur later in pregnancy and
are usually caused by mechanical factors or abnormalities in the later
stages of fetal development. A classic example is Streeter dysplasia, which
is also known as intrauterine constriction band syndrome. This condition
frequently leads to multimembral amputations, deep constriction bands in

the limbs, and tissue defects on the trunk and face.

Figure 2

Illustration of human limb development in the first 8
weeks of gestation.

Early recognition of congenital limb deficiencies associated with
medical conditions is important because lifesaving medical management
may be required. In patients with thrombocytopenia with absent radius
(TAR) syndrome, the multimembral limb deficiency is associated with
substantial thrombocytopenia. This condition is autosomal recessive. A
platelet count should be obtained and treatment instituted if there is danger
of bleeding. The risks for intracranial hemorrhage and neurologic damage
may be minimized with platelet transfusion. Fanconi pancytopenia
syndrome, which is an autosomal recessive condition, is associated with
bleeding, pallor, recurrent infections, and reduction limb deformities or
dislocated hips. Holt-Oram (hand-heart) syndrome is associated with upper
limb reduction deformities and heart defects. It is autosomal dominant
with variable penetrance.4 In these situations, genetics counseling is a
mandatory part of the discussion with the child’s family.
Other than etiologic factors, acquired deficiencies in children follow
more standard patterns seen in transverse terminal deficiencies in adults.
Traumatic causes of amputation include burns, neoplasms, and infections.
Lawnmower injuries, pedestrian motor vehicle collisions, and thermal and
electrical burns account for most acquired amputations in children in the
Western world. The Pediatric Orthopaedic Society of North America has
worked to raise public and manufacturer awareness of the danger of
lawnmower injuries in young children. Injuries in war zones, such as
landmine explosions, are the most common cause of acquired childhood
amputations throughout much of the world, with the incidence likely to
rise because of the increasing number of conflicts in the Middle East.

Although rare, frostbite is a possible cause of acquired amputation in
countries in the most northern latitudes.
In the past, malignant tumors of the limbs such as osteosarcoma and
Ewing sarcoma were treated with amputation, but most of these neoplasms
are now treated with limb salvage. However, amputation may be necessary
if the lesion precludes efforts at limb salvage or limb salvage fails because
of complications. Limb amputation may be the treatment of choice or a
lifesaving procedure in some patients with massive benign lesions seen in
Klippel-Trenaunay syndrome, neurofibromatosis type 1, Proteus
syndrome, or other forms of limb gigantism.
Septicemia associated with purpura fulminans is the most common
infectious cause of amputation in infants and children. Purpura fulminans,
which can be rapidly fatal and may result in multiple limb amputations in
survivors, is most commonly associated with meningococcal infection, but
it is also caused by other infectious agents such as Pneumococcus and
Streptococcus bacterial species5 (Figure 3). The development and wide
use of the meningococcemia vaccine has diminished but not eliminated the
incidence of purpura fulminans. Limb gangrene caused by Staphylococcus
bacteria (flesh-eating bacteria) is another cause of limb loss.

Figure 3 A and B, Clinical photographs of multimembral limb
loss secondary to purpura fulminans septicemia.

Rarely, a vascular injury, which is usually iatrogenic, can be a cause of
amputation. These injuries typically occur in premature infants in a
neonatal intensive care unit secondary to attempts by the medical staff to
gain vascular access to the patient’s cardiovascular system.

The Growing Skeleton
The growing skeleton of a child presents several challenges to the
treatment team in the management of both congenital and acquired limb

deficiencies. These challenges are associated with the growth potential of
the various growth plates and their presence or absence in the residual
limb, magnification of some angular deformities near the joints caused by
growth, and the tendency for bony overgrowth to form at the terminal end
of the residual limb after transosseous amputation.
The potential growth of any residual limb must be carefully assessed
before a planned intervention. The growing limb has growth plates at each
end of the bone and a thick periosteum surrounding the cortical bone. In
contrast, the growth plates in an adult are closed and the periosteum is
thin. In a child, the bone will grow at different rates at each of the physes.
For example, for every 10 mm the humerus grows, 8 mm of growth will
occur at the proximal physis and 2 mm at the distal physis. In the radius,
the opposite growth pattern occurs, with most of the growth of the radius
occurring at the distal end. Knowledge of these differential growth rates is
important when estimating the final length of the residual limb in a child
or predicting the progression of a longitudinal deficiency with growth.
The importance of preserving the major growth plates in a young child
or infant who will be treated with a lower limb amputation is best
illustrated by the differing outcomes that can result from preservation or
loss of the distal femoral growth plate. If the growth plate is preserved in
an infant undergoing a lower limb amputation, when that patient becomes
a skeletally mature teenager, he or she can be fitted with a transfemoral or
knee disarticulation prosthesis and function as an above-knee amputee. In
contrast, loss of the distal femoral growth plate in infancy will result in a
very short residual limb, likely requiring a hip disarticulation–like
prosthesis, which will require greater energy consumption during
ambulation and limit the patient’s functional ability.
Angular limb deformities also can be magnified as the child grows.
This is particularly true in congenital longitudinal deficiencies in which a
worsening valgus deformity may occur at the knee in children with a
congenital fibular deficiency, or a worsening joint deformity may occur in
children with hip dysplasia and some types of femoral deficiencies.
Terminal bony overgrowth is a poorly understood phenomenon
associated with transosseous amputations of the growing bone. It is an
appositional growth on the end of the bone, producing a pointed end that
irritates and traumatizes the overlying soft tissue, causing pain, fluid filled
bursae, and even complete erosion through the skin (Figures 4 and 5).
Terminal bony overgrowth is the most common cause of revision surgery

in pediatric amputees. Multiple procedures have been designed to treat this
complication, including simple excision of the offending part of the bone,
osteotomy, various peritoneal and soft-tissue reconstructions, and metal or
plastic cap implants to transfer or transplant cartilage-covered epiphyses or
apophyses. At best, many of these techniques have been partially
successful. It appears that the greatest success has been achieved with a
procedure in which the proximal fibular metaphysis with its epiphysis is
inserted into the transected diaphysis of the tibia (Figure 6).
As is the case in many other conditions, the best treatment for bony
overgrowth is prevention. If possible, transosseous amputations should be
avoided in children. The overgrowth phenomenon does not occur in the
natural ends of bones covered by articular cartilage. Therefore, a Syme
ankle disarticulation or a Boyd amputation is preferable to a transtibial
amputation, and a knee disarticulation is preferable to a transfemoral
amputation. The preferred procedure can usually be accomplished even if
intercalary shortening of the affected bone is required.
The final length of the residual limb and the type of amputation will
greatly influence function. The closer the residual limb is to the prosthetic
terminal device, the more effectively the child will be able to control his or
her prosthesis. A longer residual limb will provide a longer lever arm;
therefore, the weight of the prosthesis will be distributed over a greater
surface area and the contact area will be larger, improving proprioception.
The residual limb, however, should allow enough space to accommodate a
terminal device. For example, an energy-storing foot requires a minimum
space of 3 inches and a knee joint requires approximately 2.5 to 3 inches
of space to allow femurs of equal length. These considerations are not a
justification to amputate through the bone in a patient with a traumatic
injury, but they provide an opportunity to plan for the necessary joint.
Epiphysiodesis can be considered at the proper time, or elective shortening
of the bone in the diaphyseal region may be undertaken in a more mature
patient while still preserving the distal end of the bone in its normal state.
Preservation of the original distal bone end will allow effective end
bearing, improve proprioception, and prevent the bony overgrowth that
occurs when an amputation takes place through bone in a patient with an
immature skeleton.

Figure 4

Radiograph of a traumatic left lower limb
amputation, with a long fibula and bony overgrowth forming a
spur of bone at both sites. (Courtesy of M. Fong, Alberta
Children’s Hospital, Juvenile Amputee Clinic, Alberta, Canada.)

Figure 5

Photograph of a residual fibula, with overgrowth
and bursae about to erode through the skin. (Courtesy of M.
Fong, Alberta Children’s Hospital, Juvenile Amputee Clinic,
Alberta, Canada.)

Figure 6

Radiographs show transfer of the proximal fibula
into the terminal end of the tibia. A, Preoperative radiograph
shows fibular overgrowth. B, Radiograph taken 6 weeks after
surgery to transfer the proximal fibular metaphysis and
epiphysis into the tibial diaphysis. C, Radiograph taken 2.5
years after the index procedure shows preservation of the
fibular epiphysis.

Figure 7 Illustration of a long residual lower limb that is close
to the terminal device (foot).

Suspension of the prosthesis also will be simplified with a longer and
properly contoured residual limb. The contour of the limb is used to
provide suspension. The best examples of this principle are seen in Syme
ankle disarticulations or Boyd amputations where the distal end of the limb
is larger than the proximal tibial shaft (Figure 7). This contour allows the
prosthesis to be mainly self-suspended on the distal, more bulbous end of
the residual limb.

Physiology
Generally, children have healthy, growing tissue that heals rapidly with
relatively few complications. This physiology allows the use of a more
aggressive approach in surgical preservation of limb components along
with innovative and unorthodox techniques to accomplish goals that would
likely be unsuccessful in adults. In addition, the sequela of acquired
amputations in children are generally not as severe as in adults. Phantom
limb sensation, although common in children, is rarely associated with
disabling pain or the need for medication or treatment.

Figure 8

Illustration shows the International Organization for
Standardization (ISO) designation of levels of transverse
deficiencies of upper and lower limbs. The skeletal elements
marked with an asterisk are used as adjectives in describing
transverse deficiencies (for example, transverse carpal total
deficiency). A total absence of the shoulder or hemipelvis (and
all distal elements) is a transverse deficiency. If only a portion
of the shoulder or hemipelvis is absent, the deficiency is of the

longitudinal type. (Adapted with permission from Day HJ: The
ISO/ISPO classification of congenital limb deficiency. Prosthet
Orthot Int 1991;15[2]:67-69.)

Psychological and Lifestyle Issues
The psychological development of children is very dependent on their
environmental interactions and their successful integration into peer
groups. The level of energy, natural curiosity, and adaptability of children
allow most children to achieve a mainstream education and lifestyle. It is
the task and goal of the treatment team to help the child in achieving a
smooth and successful transition into as normal a lifestyle as possible.
The child’s rapid growth necessitates more frequent prosthetic
evaluations and fittings. In addition, the active lifestyle of children can
place more wear and tear on prostheses, and several types of prostheses
may be needed to accommodate participation in sports and recreational
activities.

Classification of Congenital Deficiencies
In 1961, Frantz and O’Rahilly6 published the first consistent classification
of congenital limb deficiencies. This classification system introduced
important terminology that was later incorporated into current
classification systems. Deficiencies were described as transverse,
longitudinal, terminal, and intercalary. However, the authors’ use of
various Greek or Latin names with Latin prefixes were frequently
inaccurate and poorly descriptive of many of the congenital conditions.
Much of the terminology of Frantz and O’Rahilly6 is still quite widely
used, particularly in informal communications. Terms such as fibular
hemimelia, tibial hemimelia, phocomelia, and amelia are still frequently
encountered.

Figure 9

Illustration describes longitudinal deficiencies of the
upper limb using the International Organization for
Standardization (ISO) classification system. The asterisk
indicated that the digits of the hand are sometimes referred to
by name: 1 = thumb; 2 = index; 3 = middle; 4 = ring; 5 = little (or
small). For the purpose of this classification, such naming is
depreciated because it is not equally applicable to the foot.
(Adapted with permission from Day HJ: The ISO/ISPO
classification of congenital limb deficiency. Prosthet Orthot Int
1991;15[2]:67-69.)

Figure 10

Illustration describes longitudinal deficiencies of
the lower limb using the International Organization for
Standardization (ISO) system. The asterisk indicates the great
toe, or hallux. (Adapted with permission from Day HJ: The
ISO/ISPO classification of congenital limb deficiency. Prosthet
Orthot Int 1991;15[2]:67-69.)

In the early 1970s, the International Society for Prosthetics and
Orthotics (ISPO) established a committee under the leadership of Hector
W. Kay to formulate a more rational classification system. This ISPO
system, with some minor modifications, became the widely recognized
International Organization for Standardization (ISO) classification of
congenital limb deficiencies, and it is now the most accepted worldwide
classification.7,8 The ISO classification is limited to failures of formation
and describes the amputation anatomically, which prevents
misinterpretation or confusion. It is simple, precise, and based on anatomic
and radiologic observations. The ISO classification does not address
etiology or angular or rotational deformities of the bones or joints.

When describing a limb deficiency, the terms longitudinal or
transverse are used (Figures 8, 9, and 10). The individual bone
involvement is described as total or partial absence. Partial absence may be
described as absence of the proximal one-third, middle one-third, or distal
one-third of the involved bone. Complete bone absence would be
described as complete absence of the missing bone or bones. Absence of
the carpus, tarsals, metacarpals, metatarsals, and phalanges may be total or
partial. In some instances, the phalanges will be described by stating the
missing parts.
Longitudinal deficiencies may be total or partial and may have normal
elements distally. For example, when describing a fibular deficiency, there
might be absence of all or part of the fibula, with a relatively normal ankle
and foot. HJB Day, a member of the Kay committee of the ISPO,
developed a stylized illustrative system of recording deficiencies (Figures
11 and 12), which incorporated a skeletal drawing of the affected part; the
deficient areas were shaded. The Day diagrams are not part of the ISPO
classification but are useful in clinical situations for quick recall of a
deficiency.

Summary
The child with a limb deficiency presents a unique challenge to the
treatment team. To adequately care for this patient population, it is
important to be cognizant of the etiology of the limb deficiency, the unique
characteristics of a growing skeleton, and physiologic and psychological
issues involved. The ISO classification allows for better understanding and
communications in treating children with congenital limb deficiencies.

Figure 11

Illustration of the Day system of recording
deficiencies. Transverse upper limb deficiencies at various
levels are shown on the skeleton and in Day’s stylized version
on the right. (Adapted with permission from Day HJ: The
ISO/ISPO classification of congenital limb deficiency. Prosthet
Orthot Int 1991;15[2]:67-69.)

Figure 12

Illustration of a longitudinal deficiency shown on
the skeleton (left) and in Day’s stylized representation (right),
which shows the original deficiency and treatment by knee
disarticulation. (Adapted with permission from Day HJ: The
ISO/ISPO classification of congenital limb deficiency. Prosthet
Orthot Int 1991;15[2]:67-69.)
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Abstract
An understanding of typical embryologic limb development and the
disturbances that can result in limb deficiencies is important for treatment
and aids in counseling parents regarding causation. It is helpful to be
familiar with the process of limb development and the current theories
surrounding the causes of congenital limb deformity. Childhood motor
development has a considerable effect on the success or failure of prosthetic
fitting. Aspects of motor and psychological development can influence
prosthetic fitting in children with limb deficiencies.
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Introduction
The development of the limbs and motor systems is a complex and
orchestrated process, the interruption or disturbance of which can result in
limb deficiency or deformity and subsequent disability. This chapter
provides a brief review of embryologic limb development and how it
relates to limb deficiency. Following birth, the developmental processes of
the growing child are integral to motor capabilities and should be
considered when fitting prosthetic devices. Therefore, this chapter also
reviews the childhood stages of motor development.

Embryologic Limb Development
Limb development occurs via multiple signaling pathways, each
responsible for its own differentiation, yet working in concert with
complex interactions, including signaling, regulation, feedback loops, and
maintaining the additional axes of development.1,2 The limbs start to
appear at the end of the fourth week and continue to develop through the
eighth week after fertilization. The limbs begin as small growths on the
ventrolateral body wall, directed caudally. The upper limb buds appear at
the level of the pericardial swelling and precede those of the lower limb
(just caudal to the umbilical cord) by approximately 2 days. The limb bud
tissue is composed of a mass of mesoderm tissue, covered with ectoderm.
The apical ectodermal ridge (AER) is an ectodermal thickening that forms
at the tip of each limb bud. Three axes of development occur: proximaldistal (controlled by the AER), anterior-posterior (radioulnar), and dorsalventral (back of hand to palm). The AER secretes fibroblast growth factors
that stimulate the underlying mesenchymal cells to differentiate and
promote proximal-to-distal growth of the limb bud. Defects of the AER
and its signaling center can result in anomalies such as transverse
deficiencies and syndactyly.2 A collection of cells along the posterior
aspect of the limb bud, called the zone of polarizing activity, secrete the
sonic hedgehog protein, which promotes development along the anteriorposterior axis of the limb. The zone of polarizing activity also contributes
to the AER feedback loop. The Wingless-type (Wnt) signaling pathway
regulates dorsal-ventral development within the ectoderm, as well as
regulation of sonic hedgehog protein.
Chondrification centers appear in the fifth week, and, by the end of the
sixth week, the limb skeleton exists in a cartilaginous form. Subsequently,
the distal ends of the limb buds begin to flatten into hand and foot plates
that are paddle-like in appearance. Near the end of the sixth week, the
mesenchymal tissue condenses into the hand plates to form the digital
rays; in the seventh week, the same process occurs in the foot plates. At
the tip of each ray, the AER induces development of the bony phalanges.
Notches form between the rays, and programmed cell death, or apoptosis,
breaks down the tissue between the rays, causing separation of the digits
by the end of the eighth week. In the beginning of the seventh week, the
limbs grow ventrally, then begin to rotate. The upper and lower limbs
rotate in opposite directions, according to their function: the upper limbs
rotate 90° laterally, such that the elbows point dorsally; the lower limbs

rotate medially almost 90°, causing the knees to point ventrally. Limb
muscles originate from mesenchymal cells that migrate from the somatic
layer of the lateral mesoderm during the fifth week. These split into dorsal
and ventral groups, subsequently becoming the extensor and flexor
musculature. Nerves develop in the limb buds after the muscle masses
form. By the seventh week, the limb buds have innervated muscles and
cutaneous tissue in the adult pattern. Most blood vessels of the limbs are
buds from the aorta and cardinal veins. Synovial joints begin to develop
during the sixth week from a collection of cells that develop at the joint
area called the interzone. These cells differentiate into intra-articular
structures, articular cartilage, and synovial cells. Apoptosis again plays a
role in development, this time in the formation of the joint space.
Subsequent limb movement becomes critical to normal development of the
joints. By the end of the eighth week, limbs are in their final positions and
all segments are complete. Ossification also begins at this time, with
ossification centers present in all long bones by the 12th week1,3,4 (Figure
1).

Figure 1

Illustration of embryonic limb development (32 to
56 days). (Reproduced with permission from Moore KL,
Persaud TV: The Developing Human: Clinically Oriented
Embryology, ed 6. Philadelphia, PA, WB Saunders, 1998, p
436.)

The most critical period of limb development is 24 to 36 days after
fertilization (during weeks 4 to 6), when the embryo undergoes rapid tissue
proliferation.3 Often, the mother is not aware of her pregnancy; therefore,
exposure to teratogenic agents is difficult to prevent. Inhibition of limb
bud development in the fourth week can result in complete absence of the
limb, whereas interruption of the growth or development in the fifth week
can result in partial absence.
Teratogenic factors affecting limb development include drug use
during pregnancy, infections, chorionic villus sampling, or exposure to
toxins.5 Some medications affect limb development, including
thalidomide, retinoic acid, and misoprostol. The most famous of these is

thalidomide, which was marketed in the 1950s to mothers for treatment of
nausea and vomiting during pregnancy. Thalidomide was available in most
European countries and Canada, and it could be obtained without a
prescription in Germany. In 1961, Widukind Lenz, a German pediatric
geneticist, began investigating an increasing number of children born with
severe limb anomalies; his findings resulted in a withdrawal of
thalidomide from the market.6 Thousands of exposed children exhibited
phocomelic limb anomalies, facial malformations, and often, internal
organ involvement.
Teratogenic causes are often difficult to study, particularly because
prenatal history can be complicated by maternal recall bias.7 Limb
deficiencies also can be caused by vascular disruption (for example,
amniotic band syndrome, in which fibrous bands constrict the vascular
supply to the limbs), vascular malformations (such as Poland syndrome
[subclavian artery disruption sequence]), or genetic factors (often a
spontaneous point mutation in an otherwise normal family). In most cases,
however, the cause is unknown.8 Many limb deficiencies are likely the
result of an interaction of genetic and environmental factors (multifactorial
inheritance). No racial predilection has been observed. Recent data
indicate a possible relationship between paternal occupation and an
increased prevalence of limb deficiencies in the offspring of artists.9
Amniotic band syndrome (also known by more than 30 other names,
including congenital constriction band syndrome, amniotic constriction
band, and amnion rupture sequence) is a very heterogenous group of
clinical anomalies, which can include congenital limb deformities, cleft lip
and palate, constriction rings, and talipes equinovarus. There is no
unanimously accepted etiology for this constellation of findings.2 Animal
studies have suggested that the incidents leading to limb deficiency in
amniotic band syndrome may be caused by a cascade of hypoxia, cell
damage, hemorrhage, tissue loss, and reperfusion.5
Table 1 Stages of Motor Development

Childhood Development
In childhood, development occurs in discontinuous bursts, with complex
skills building on simpler skills. A proper understanding of developmental
motor milestones (Table 1) is important when considering prosthetic
prescription in the child with a limb deficiency. Prosthetic fitting should
reflect the child’s functional needs, not the rather arbitrary chronologic
age.6 Most children with a limb deficiency experience normal
development. Those with bilateral upper limb deficiencies can experience
a delay in reaching some milestones or miss them completely because of
mechanical problems. Parents should be encouraged to treat a child with a
limb deficiency in the same manner as they would treat any child.

Early Development
By 2 months of age, a child may be able to hold his or her head steady
when sitting, allowing for more visual interaction. However, object
permanence is still lacking: if an object is removed from sight, the child
will continue to stare at the same spot. The child will also smile in
response to a face or voice, resulting in more functional social
participation.10
At 3 to 4 months, a child will be able to bring hands together in
midline, grasping objects and allowing for self-discovery and visual-motor
coordination. Palmar and asymmetric tonic neck reflexes are extinguished
by this age. The child will stare at his or her own hand, beginning to
understand cause and effect.
When the child is approximately 6 months old, he or she can sit
without support and roll from supine to prone, allowing increased

exploration of the environment. The child can transfer objects from hand
to hand and begins learning to compare objects. Monosyllabic babbling is
also noted at this age. A child this age with an upper limb deficiency could
be fitted with a passive prosthesis to free the contralateral limb for manual
activities when sitting. However, substantial controversy exists regarding
the timing of prosthetic fitting for children with a unilateral deficiency.
Recommendations vary from early fitting to fitting only at the age and
time that the child demonstrates a functional or an emotional need for a
prosthesis. Some practitioners prefer prosthetic fitting closer to 3 months
of age, before the infant develops visually guided reaching.3 The first
prosthesis equalizes the lengths of the upper limbs, provides support when
leaned on and during crawling, establishes an early wearing pattern,
reduces sensory dependence on the residual limb, and helps in holding
large objects.6,11 A parent can position the prosthesis for optimal use and
place objects in the terminal device to help the child become aware of how
it can be used. The child does not yet have adequate skills or
musculoskeletal excursion to control an activated prosthesis.
By 7 to 8 months of age, the child will begin to exhibit a thumb-finger
(pincer) grasp and respond to nonverbal communication (one-step
commands with gesture). Cognitively, he or she will start to have object
permanence (for example, finding a hidden toy after seeing it hidden) and
will actively compare objects (such as banging two cubes together).
At 10 to 12 months of age, the child will crawl, begin to pull himself or
herself to a standing position, cruise along furniture, and, ultimately, walk
independently, allowing for exploration and control of proximity to his or
her parents. The child can follow one-step commands without need for
gestures, showing development of verbal receptive language skills. The
child with a unilateral lower limb deficiency is ready for prosthetic fitting
at this age, with the goals of promoting two-legged standing, reciprocating
gait development, and achieving a normal appearance.12 The prosthesis
should be aligned for maximum stability, mimicking the toddler’s wide
base of support (socket flexion, abduction, and external rotation). For a
child with an above-knee limb deficiency, the first prosthesis should not
include a mechanical knee unit because of the need for increased function
and stability. The practitioner should be aware that the child with a lower
limb deficiency may still be transitioning from crawling to walking;
therefore, the first prosthetic suspension should be substantial enough to
prevent loss or falling off while crawling. Children often do not require

any formal gait training or assistive devices. They often can transition to
independent walking as do able-bodied children of the same-age, using
push-toys or hand-held assistance from parents.
The child should start to run at approximately 15 to 17 months of age.
He or she can use objects in combination (such as building a tower of three
cubes), begins acquisition of object and personal names, and can link
actions to solve problems. If considered appropriate by the family and the
practitioner, this is the approximate age when the child with an upper limb
deficiency is ready for fitting with a myoelectric, single-site, voluntaryopening, automatic closing prosthesis, also known as the “cookie
cruncher.”3
By age 2 years, the child should be able to run well, walk up and down
stairs (nonreciprocating), and jump. He or she can build a tower of seven
cubes, perform circular scribbling, help in undressing, and speak in threeword sentences. At this time, the child with a unilateral upper limb
deficiency may be ready for activation of a terminal device for a bodypowered prosthesis. The skills needed are the ability to follow two-step
commands, interest in two-handed activities, awareness of the holding
functionality of a terminal device, ability to tolerate hand-over-hand
therapy, and an attention span of at least 5 minutes. However, this is also
the age at which behavior may impede prosthetic training, so individual
differences are important to consider prior to cable-activation.
Reciprocating stair climbing usually is attained by 2.5 years of age.
Hopping on one foot and climbing occurs closer to 4 years of age. For the
child with a limb deficiency above the elbow or with a shoulder
disarticulation, a dual-control cable system and elbow lock can be
introduced at this age. At 5 years of age, a child is able to skip, copy a
triangle, name four colors, dress, and undress. Typically, a child with a
unilateral above-knee limb deficiency is fit with a prosthetic knee joint
between the ages of 3 and 5 years. By age 5 to 6 years, the prosthetic
alignment more closely reflects that of an adult. Because this is the age of
school initiation, a child’s awareness of his or her limb difference can
become acutely apparent, and parents should be encouraged to work
closely with the child’s school for a smooth transition and introduction of
the child to prevent teasing or bullying. Questions about the limb
difference are to be expected, and children should be encouraged to
provide honest, direct answers.

Development in Middle Childhood and Adolescence
Fine motor abilities continue to progress during middle childhood and
adolescence, and psychosocial issues (such as separation from parents) and
self-esteem challenges (relationships with peers) become more important.
It has been said that a teenager is part child and part adult.6 Teenagers with
a lower limb deficiency may prefer to be fit with cosmetic endoskeletal
prostheses so that their peers are less aware of their prosthetic use.
Concern about perception of a prosthetic hook or terminal device can
compel a teenager with an upper limb deficiency to request changing to a
cosmetic or mechanical hand. It is important to provide education
regarding function of a cosmetic or mechanical hand. The addition of a
cosmetic glove over a mechanical hand reduces efficacy by up to 40%.12
In addition, it is common for the teenager who does not wear an upper
limb prosthesis to request one at this age. Often, the teenager is looking for
a replacement for his or her missing limb and may have unrealistic
expectations of the function a prosthetic limb can provide. Psychological
support through formal counseling or peer and family support systems can
benefit the teenager before initiating prosthetic fitting. This is also the time
when adolescents obtain a driver’s license, and practitioners should
consider referral to a driving clinic for necessary adaptive equipment.
Task-specific prostheses may be beneficial at any age to aid in peer
group activity involvement, depending on the child’s interest and
participation level. Examples include prostheses that aid in playing an
instrument (for example, a bow-holding violin terminal device or a guitar
pick holder) and sports participation (for example, an upper limb mitt
terminal device for catching, a carbon-fiber “running leg” with a dynamic
energy-storing foot, or a handlebar terminal device for cycling).

Summary
Children are not simply small adults. With the proper understanding of
their growth and development along with timely application of prosthetic
principles, children with limb deficiencies can be encouraged and
supported to achieve a healthy and fulfilling childhood and successful
adulthood.
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Chapter 64

Principles of Amputation
Surgery in Children
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Abstract
Amputations in children require special considerations. Both acquired
amputations and congenital limb anomalies often have unique presentations
and require an individualized treatment approach. Knowledge of basic
principles will aid the surgeon in the initial patient evaluation and surgical
planning. It is also helpful to be aware of the common etiologies of
amputations and the nomenclature regarding limb reductions.
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Introduction
Major differences exist between amputation in adults and children. If a
good outcome is expected, orthopaedic surgeons must understand that
knowledge about adult amputation does not correlate directly with
amputation in children. This chapter discusses the differences between
amputations in these two populations and provides a practical approach to
surgical planning of limb salvage or amputation that will improve the use
of prostheses in children.

Background

The major and most obvious difference between children and adults is that
children are still growing. Children have needs specific to their
development and underlying diagnoses. Predictions of future growth and
limb-length discrepancies are essential to guide (1) whether a child should
have an amputation versus a limb equalizing or salvage surgery, (2) the
most appropriate level and type of amputation, and (3) the timing of
surgical intervention. Cognitive and motor skills will change with age and
also may be abnormal. Both skills will affect the appropriate timing of
surgery and which prosthetic components are most appropriate. Because
children tend to be more active, the increased physical demands on the
residual limb and prosthesis need to be considered. Other issues specific to
children include problems with terminal residual limb overgrowth, the
presence and morbidity of associated organ anomalies, and the
psychological effect of an amputation on both the child and his or her
family.
Most pediatric amputations are the result of either trauma or congenital
deficiencies; only a limited number result from neoplastic lesions or
infections. Traumatic pediatric amputations are often treated in the
community or at trauma centers, where greater experience with adult
amputations often exists. Most adult amputations are a result of
microvascular compromise from diabetes and peripheral artery disease
(54%) and trauma (45%); less than 2% result from cancer.1 Therefore, it is
important for the orthopaedic surgeon to recognize that many woundhealing issues and surgical strategies for adult amputations do not apply in
the pediatric population. Also, children may experience phantom limb
sensation, but they do not have the same problems with phantom pain as
adults. Congenital limb anomalies often are treated at specialized pediatric
amputation centers, where the ratio of congenital to traumatic amputations
is approximately 2:1.2 These centers often afford a multidisciplinary
approach to surgical planning and rehabilitation for complex limb
anomalies.
To recognize the vast differences between pediatric and adult
amputations, the Association of Child Prosthetic and Orthotic Clinics was
formed to encourage a multidisciplinary approach for pediatric
amputations. Children with congenital limb anomalies often have unique
morphology, and their treatment plans will be unique. Understanding the
basic principles of pediatric amputations and working with a creative team
will provide the best opportunity for a good result.

Etiology
The two major etiologies for limb deficiencies in children are acquired
amputations and congenital ones caused by the lack of formation of a limb
or a limb segment. Evaluation and management vary substantially between
these categories.
Acquired amputations are most often from trauma, and the most
common mechanisms of injury are dependent on the region. In the United
States, the incidence is approximately 1.3 per 100,000 children with a
bimodal distribution of 0 to 4 years and 15 to 17 years of age.3 The most
common mechanisms of injury are crush, lawn mower, power tool, other
machinery, and motorized vehicle injuries. Pediatric injuries from firearms
and explosives are less common in the United States but are very common
in regions with land mines and conflicts. In general, multiple limb
involvement is less common, and the level of amputation is closely tied to
the degree of soft-tissue injury.
Table 1 Congenital Longitudinal Lower Limb Deficiencies

Lack-of-formation deficiencies are congenital, and the etiologies are
poorly understood. In the recent past, it was believed that nearly all were
sporadic events with no clear inheritable pattern. However, an increasing
number of reports describe variable modes of inheritance of skeletal
deficiencies, some with isolated phenotypes and others being part of a
larger syndrome.4 Examples include familial coxa vara,5 longitudinal
fibular deficiencies,6 longitudinal tibial deficiencies,7,8 and split hand/split
foot malformations.9,10 This information is clinically important because
parents often are very concerned about future offspring who may be
affected. In addition, as young patients grow into adults they want to know
if they are likely to pass along their traits to their own children.
Table 1 and Table 2 list the common etiologies for congenital and
acquired pediatric amputations along with the general clinical features and
treatment options. These tables can serve as a quick reference for guidance

but should not replace common sense when treating the individual.
Table 2 Acquired Limb Deficiencies

Terminology
Many classifications for limb deficiencies exist, but none are perfect. The
goal of a classification system should be to assist with accurate
communication, provide divisions for clinical studies, and allow for
prognostication. Few (if any) classifications are successful at achieving all
three goals. Therefore, it is helpful to be familiar with multiple
classifications and not be influenced by their inherent limitations.
Limb deficiencies can be described by their mode of acquisition (either

lack of formation or acquired), specific etiology (for example,
postmeningococcemia, thromboembolic event, posttumor resection), and
anatomic or radiographic descriptions. Deficiencies are most broadly
categorized as either congenital or acquired. It is important to note that
these categories are not mutually exclusive. For example, a congenital
band sequence is an acquired deficiency that occurs from external bands
that constrict the developing limb in utero. This can result in a range of
deficiencies, from a minor constriction band around the soft tissues that is
purely a cosmetic issue to a complete transverse amputation in utero.
Therefore, a congenital band sequence is both acquired and congenital. A
vascular event in utero can result in either an acquired amputation if it
occurs after the limb has formed or in aplasia or hypoplasia of limb tissue
earlier during limb formation, resulting in a lack of formation. To some
degree, the classification is semantic, but it also can be clinically useful.
For example, a child with a congenital band sequence will share many
characteristics with children who have other congenital deficiencies,
particularly the multiplicity of limbs that can be affected. In addition, the
social and psychological issues are similar to those of a child with an
amputation since birth. However, congenital band sequences that result in
an amputation through a long bone will also have problems associated
with bony overgrowth. Understanding that the etiology is both congenital
and acquired is helpful in predicting which issues may arise.
Many congenital deficiencies resulting from lack of formation have
patterns of aplasia or hypoplasia. A widely used classification is the
International Organization for Standardization (ISO) and International
Society for Prosthetics and Orthotics (ISPO) classification that was
developed first by the “Kay” Committee in 1973; with some minor
modifications, it became an international standard in 1989.11 The
classification satisfied a need for a logical, non-Greek- or non-Latin-based
nomenclature that could be easily translated and would avoid ambiguity.
The two major divisions within the classification are transverse
deficiencies and longitudinal deficiencies. Transverse deficiencies have
normal tissue development proximal to the level of the deficiency and are
described by naming the bone segment at which the limb terminates
followed by a description of the abnormal tissue distal to the level of
termination, such as any additional finger buds. A longitudinal deficiency
has a reduction of elements within the long axis of the limb and can
involve multiple long bones. It is described in a proximal to distal fashion,

naming only the affected bones. A partial deficiency is stated as such, with
some approximation of the longitudinal fraction that is still present. The
number of rays or digits present is described, starting from the preaxial
(radial or tibial) side. Figure 1 provides an example of how a longitudinal
deficiency can be described with this classification.

Figure 1

Clinical photograph (A) and AP radiograph (B) of a
child with a congenital bilateral complete tibial longitudinal
deficiency, with partial deletion of the midtarsals and full
deletion of the medial first rays of the feet. This patient had no
active knee extension. The recommended treatment was
bilateral knee disarticulations with a transfemoral-type
prostheses for ambulation.

Although the ISO/ISPO classification provides a major improvement
in communication, it is important to be aware of its limitations. It is based
on radiographic or bony anatomic features of the long bones; it does not
attempt to describe soft-tissue defects and joint motion. The joint muscle
girdle, the stabilizing ligaments, and range of motion are crucial features
that drive treatment options and should not be overlooked.

Surgical Planning
Goals
The three major goals of surgery are to (1) project and optimize function in
adulthood, (2) optimize function during growth, and (3) minimize the
number of major surgeries. The first two goals often are well aligned, and
optimal management during growth yields optimal results in adulthood.
However, circumstances exist when these goals are not well aligned,
leading to the consideration of both situations separately. The priority is
for optimal function in adulthood, but management during growth must be

tolerable for both the patient and the family.
For example, consider a 3-year-old child with unilateral localized
gigantism of a foot who will undergo a foot amputation. Without another
procedure, the length of the residual limb just after surgery will be too long
to accommodate a foot prosthesis. A short-term solution would be to
perform a transtibial amputation. However, major problems with terminal
residual limb overgrowth would occur, which would not be a good longterm result. A better option is to resect the distal tibia (including the
growth plate) combined with a Boyd amputation. If the length of the tibia
is already adequate for an adult transtibial residual limb, then a proximal
tibial epiphysiodesis can be done at the same time. Immediately after
surgery, the length of the residual limb will still be too long. However,
several years later, the growth of the contralateral limb should provide a
great enough difference to accommodate a standard transtibial prosthesis.

Projecting Limb-Length Discrepancies
The previous example also highlights the need to consider limb-length
discrepancies at skeletal maturity. The first few clinic visits with a family
who is facing elective treatment should be dedicated to developing a
treatment plan that is acceptable to everyone. The current and projected
limb-length discrepancies, both with and without treatment, will be a
crucial component. Many publications are dedicated to the accurate
projection of limb-length discrepancies, but details are beyond the scope of
this chapter. However, some useful tools for rough estimates of limb
lengths at maturity can be quickly used while performing the physical
examination.
The first assumption is that infants with congenital deficiencies have
limbs that will grow proportionally.12 Therefore, if the long bone is 60%
of the length of the opposite long bone at birth, it will be about 60% of the
long-bone length at skeletal maturity. Another way to visualize this is to
look at both limbs in full extension and see where the distal end of the
limb is relative to the longer side. It will end at approximately the same
place relative to the other limb when the child is an adult. With a little
more information, the discrepancy in centimeters at maturity can be
calculated. The average femoral/tibial length of normal individuals at
skeletal maturity is 44/37 cm for males and 41/34 cm for females. If the
affected limb is 60% of the length of the other side, multiply by 0.6 the
average length of that bone at maturity. This calculation will not provide a

perfectly accurate number, but it will provide enough information to allow
consideration of the major treatment options.
If trauma has caused complete growth arrest to the growth plate, the
proportion rule cannot be used. Rather, the percentages of growth provided
by that growth plate for the entire limb should be referenced, which are
approximately as follows: proximal femur, 15%; distal femur, 35%;
proximal tibia, 30%; and distal tibia, 20%. From this information, the
average growth in millimeters per year from each femoral or tibial growth
plate can be calculated, with the following two assumptions: (1) most
growth ends in boys and girls at approximately 16 years and 14 years of
age, respectively; and (2) the growth arrest is complete. Infections often
cause a partial physeal arrest, so projecting the growth inhibition is not as
straightforward because the rate of inhibition is unique to the level of
involvement of the growth plate. In these circumstances, the growth
inhibition method or Moseley’s straight-line graph method can be used.

Surgical Timing
Ideally, surgical intervention occurs at a time that allows the child to reach
normal motor milestones. To decrease the risks of anesthesia in infants,
elective surgery is best delayed until the child is 9 to 12 months old. For
example, in a child who will need an elective foot amputation for a fibular
or tibial deficiency, surgery is delayed until the child is pulling to stand,
which is typically between 10 and 14 months of age.
For limb deficiencies associated with hip dysplasia, the early
remodeling potential of the hip should be considered and used to the
patient’s advantage. A femoral neck that is in varus may protect the hip to
some degree from subluxation or dislocation if the acetabulum is
dysplastic. However, severe coxa vara can cause blunting of the lateral lip
of the acetabulum with hip abduction and may even lever the head
inferiorly out of the acetabulum. A valgus-producing proximal femoral
osteotomy combined with femoral shortening to help relax the soft-tissue
hip girdle should be performed when there is still remodeling potential for
the acetabulum. A pelvic osteotomy also may be needed to ensure optimal
hip development and prevent dislocation. Minimizing hip dysplasia in the
future will benefit patients planning to undergo either a lower limb
amputation or a lengthening procedure.

Psychological Considerations

For elective surgery, it is important that the family has accepted the need
and is ready to have the child undergo the procedure. Parents often find it
difficult to commit a child to an amputation because of the complex
emotional issues. An amputation imparts a sense of finality. Drotar et al13
described five stages of parental reactions following the discovery of a
congenital anomaly: shock, denial, sadness and anger, adaptation, and
reorganization. Many parents discover the anomaly at birth, although the
frequency of antenatal diagnoses resulting from improvements in prenatal
ultrasound is growing. Evidence shows that these parents experience the
same stages of emotion, with many reaching the adaptation stage before
birth.14 It is reasonable to assume that parents will struggle with making
any decisions before reaching the adaptation stage, so extensive counseling
and multiple medical opinions are initially needed.
Parents often feel pressure to make a decision about an amputation as
early as possible. Although it is reasonable to assume that amputations are
psychologically easier for the child if done before long-term memory is
developed, no evidence validates this assumption. Traditionally, this age
was thought to be approximately 3 to 4 years. However, the model of how
young children form memories has been recently challenged and suggests
that even very early traumatic events can be recalled.15 Finally, the wellbeing and self-esteem of the child is most closely tied to social support
from classmates, parents, teachers, and friends.16,17 Parental depression
and anxiety and marital discord in families also have been associated with
increased childhood depression and anxiety.18 Therefore, parental wellbeing and comfort with the decisions they are making is paramount. A
prosthesis or an orthosis can be fashioned to fit the extremity for functional
purposes until the family is ready to make a decision about surgery. In
these situations, patients and/or families often reach a point where they
prefer a more cosmetic prosthesis or orthosis and will reconsider an
amputation as a logical step toward that goal.

Surgical Principles of Pediatric Amputations
Principle 1: Amputate Through Joints When Possible
Children are at risk of terminal bony overgrowth after a transcortical
amputation, with prevalence approaching 50%. The mechanism is thought
to be from a periosteal reaction, with penciling of the terminal bone.
Painful bursae can develop, or the soft tissues can telescope over the tip

and externalize the bone. This phenomenon can occur in any skeletally
immature patient; it often recurs despite multiple trimmings of the
overgrowth, and recurrences sometimes continue into the third decade of
life. It is a painful, recurrent problem and best avoided by ensuring that the
bone end always has a native or grafted cartilage cap. Therefore, the first
principle is to amputate through joints whenever possible and avoid
transcortical amputations. Also, for traumatic amputations with a limited
soft-tissue envelope that does not allow primary closure of the skin, long
bones can be easily shortened by removing a segment of the shaft that is
fixed with a plate, allowing soft tissues to be advanced and closed over the
articular cartilage.

Figure 2

AP radiograph (A) and intraoperative photograph
(B) of tibial residual limb overgrowth. AP radiograph (C) and
intraoperative photograph (D) of osteochondral capping using

an ipsilateral fibular head autograft (modified Marquardt
technique as described by H. G. Watts). In the preoperative
radiograph, the fibula appears longer, but the tibia is a
subcutaneous bone and is often symptomatic first.

For the unavoidable transcortical amputation, the first principle also
includes primary capping with an osteochondral autograft, which can
reduce the risk of overgrowth to approximately 10%. Capping was first
described after Ernst Marquardt observed that overgrowth never occurred
after amputations though joints19,20 (Figure 2). Multiple biologic and
synthetic grafts have been tried. Synthetic grafts have been problematic
because of inflammatory foreign body reactions that may require
revisions.21 Autografts from the iliac crest are successful, but patients may
experience donor site pain. Fibular head autografts have been successfully
used for tibial residual limb capping, and the procedure was well described
in a recent series of 50 patients.22 A metacarpal head and several
centimeters of its shaft, if available from the amputated limb, also fits
nicely into the canal of the tibia. The metatarsal shaft is pressed into the
canal of the tibia, creating an interference fit that avoids the need for
fixation. The periosteum of the recipient bed is sutured to the cartilage as
reinforcement.

Principle 2: Preserve Joint Function, Especially at the Knee
Despite impressive advancements in computerized prosthetic devices, no
substitute exists that can provide the functional range of motion and
strength of a native joint controlled by the individual’s own motor cortex.
Energy costs are substantially increased for patients with transfemoral
amputations compared with those with transtibial amputations; therefore,
every effort should be made to salvage a functional knee. In comparison
with unimpaired individuals, the mean oxygen consumption is 9% higher
in individuals with a unilateral transtibial amputation and 49% higher in
those with a unilateral transfemoral amputation.23 Interestingly, when
Jeans et al24 compared gait in children with different lower limb
amputation levels, children with knee disarticulations had similar rates of
oxygen consumption and velocity compared with those who had transtibial
amputations. However, the children in this study were evaluated when
walking on level ground. On uneven terrain, the mechanical knee cannot
quickly adapt, thus causing difficulty with gait. The second principle is to

preserve joint function, especially at the knee.
Inadequate residual limb length below a joint can be a concern.
Inadequate tibial residual limb length is a common reason for knee
disarticulations or transfemoral amputations. However, if the child is still
growing and the growth plate is preserved, the residual limb will naturally
increase in length. Also, very short tibial residual limbs can be lengthened
to improve prosthetic use. Similarly, very short femoral residual limbs can
be lengthened to allow the individual to use a transfemoral prosthesis
instead of a hip disarticulation prosthesis (Figure 3). The average length
obtained with planar fixators is 8.7 cm in the femur and 6.9 cm in the tibia.
After lengthening, most patients are able to wear a standard prosthesis
appropriate for their level of amputation.25 It is important to perform the
osteotomy for the lengthening distal to any tendon insertions, such as the
iliopsoas or patellar tendon, to avoid contractures or dislocations. For very
short segments, a step-cut or an oblique cut in the bone can be performed
to avoid the tendon insertion site.

Figure 3

AP radiographs of a short femoral residual limb (A)
that was associated with poor control of the prosthesis. The
femur underwent an osteotomy and lengthening of 9 cm (B)
with an external fixator. The amount of length achieved was
limited by pain over the distal tip during the lengthening
process, but this pain abated during the consolidation phase.

The lack of soft-tissue coverage also is a common reason for a higherlevel amputation. However, in children, skin grafts can hypertrophy much
more robustly compared with adults and should be given every opportunity
to heal and adapt (Figure 4). Parry et al26 showed in a retrospective study
that functional outcomes and prosthetic use were excellent when skin
grafts were used to preserve length in pediatric amputations.

Principle 3: Preserve Limb Length
In general, the longer the residual limb, the better the gait.27 A longer limb
provides a better lever arm for generating power and is crucial for a wellseated residual limb within a conventional prosthesis. Increased length of
the distal segment also provides distribution of the contact forces between
the limb and the prosthesis, thereby reducing pressure ulceration, which
can be of particular concern for insensate skin grafts that do not have
normal pliancy. The ideal length for an amputated long bone has not been
studied. The minimum absolute value is based on the ability to keep the
prosthesis in place, and this number changes with advancements in
prosthetic liner types as well as transosseous integration methods. The
maximum length is based on the desire for equal joint heights (such as the
knee for a transfemoral amputation) and the bulk of the various prosthetic
materials between the distal residual limb and the mechanical joint.
Patients with variable knee heights have similar function when walking on
level ground. In the experience of this chapter’s author, minor problems
have been reported with variable knee heights, such as difficulty fitting
into stadium seating and pain under the longer thigh when sitting because
of the short tibial segment and increased pressure from the chair on the
posterior thigh.

Figure 4

Lateral radiograph (A) and clinical photograph (B)
of a 4-year-old boy who was injured by a bomb blast, resulting
in a traumatic tibial amputation. The left tibial segment was
extremely short with inadequate soft-tissue coverage, but the
extensor mechanism remained intact. The full thickness tissue
loss over the distal residual limb and the tibial periosteum was
treated with skin graft. After the grafted tissue hypertrophies
and matures, it will function well inside a standard transtibial
prosthesis. With normal growth, the proximal tibia will increase
by an additional 6 to 8 cm by skeletal maturity.

When planning an amputation proximal to a growth plate, the future
growth that will be lost should be considered. A common scenario is a
midshaft femoral amputation in a small child where the residual femoral
limb length is fashioned at the level that would be appropriate at skeletal
maturity (approximately 5 to 10 cm above the opposite joint line).
However, the distal femoral epiphysis contributes to 80% of the growth of
the entire femur. Therefore, the residual limb will initially seem an
appropriate length, but at skeletal maturity, it will be much too short.
Because it is important to preserve both limb length and growth plates,
it should be remembered that a residual limb also can become too long.
The space needed to accommodate a mechanical joint that is level with the
contralateral side depends on the materials available. In general, the
residual limb should be at least 5 cm shorter than the anticipated prosthetic

joint line. An appropriately timed epiphysiodesis can be done if the child is
still growing. An intercalary shortening with internal fixation of the shaft
can be performed if the child is skeletally mature. A maximum of 5 cm can
be removed in the femur and 3 cm in the tibia, with soft-tissue closure as
the limiting factor.

Special Considerations
Upper Limb Deficiencies
Often, there is little need for surgical intervention of upper limb
deficiencies, beyond the initial treatment of traumatic injuries. Individuals
with congenital amputation often have nubbins on the terminal residual
limb, which should not be removed unless they involve a specific issue,
such as hygiene or repeat trauma. The nubbins can provide traction and
sensation for the distal residual limb.
Patients with a unilateral upper limb deficiency often can compensate
extremely well with a sound contralateral side, which has made the use of
upper limb prostheses a controversial topic. A study by James et al28
suggested no functional or quality-of-life difference for individuals with
unilateral below-elbow disarticulations with and without prostheses.
However, long-term follow-up studies showed that children with upper
limb prostheses continued to use prostheses into adulthood. Interestingly,
they also tended to choose the simplest device, even when exposed to a
variety of prostheses.29 Individuals with bilateral upper limb deficiencies
often compensate surprisingly well by using the lower limbs and feet,
especially if the deficiency was present since birth. It is important for the
surgeon to carefully consider how foot function may substitute for hand
function before considering any lower limb surgery in these patients. For
bilateral hand amputations, the Krukenberg procedure should be
considered.30

Syme Disarticulation Versus Boyd Amputation
Amputations about the ankle are achieved with either a Syme
disarticulation or a Boyd amputation. Both procedures have been reported
to achieve satisfactory results and have similar rates of complications, but
each has advantages and disadvantages with regard to postoperative care
and the types of complications encountered.
In a Syme ankle disarticulation, the medial malleoli often are resected

in adults to decrease their prominence, but this is unnecessary in children
because growth of the malleoli is typically diminished. The advantages of
a Syme disarticulation are ease of the surgery, decreased acute
postoperative wound complications, no need for a postoperative cast, and a
shorter time to prosthesis fitting. The major disadvantages reported in the
literature are an increased risk of posterior migration of the heel pad and a
less reliable weight-bearing residual limb.31,32 However, Birch et al33
noted that posterior migration of the heel pad is typically asymptomatic
and does not affect function within the prosthesis. If a Syme disarticulation
is performed in a young child, Eilert and Jayakumar31 advocated retaining
the calcaneal apophysis and positioning the heel pad squarely beneath the
distal tibia to avoid heel pad migration, which results in regeneration of the
calcaneus so that the residual limb effectively becomes a Boyd-type
amputation at maturity.
The Boyd amputation is a fusion of the calcaneus to the distal tibia,
with resection of the talus. The advantages include a stable heel pad at the
base of the residual limb that can reliably bear weight and improved
prosthetic suspension. In adults with normal anatomy, this procedure
results in a longer residual limb with a bulbous end compared with a Syme
disarticulation, which is not always true for children because the residual
limb is often hypoplastic. The total length of the residual limb will depend
on any growth inhibition and the presence or the absence of the distal tibial
growth plate. The distal tibia and its growth plate are often resected, which
shortens the residual limb and allows for correct positioning of a
subluxated calcaneus beneath the tibia while decreasing soft-tissue tension
at wound closure. When performed in very young children, it can result in
a residual limb that ends at the contralateral mid-calf level at skeletal
maturity. Watts34 previously reported that in such situations, any bulk
from the calcaneus is nicely contoured as part of the calf within the
prosthesis and provides a good cosmetic result as well as self-suspension
within the prosthesis. The disadvantages of a Boyd amputation include the
following: it is more technically demanding than a Syme disarticulation,
postoperative wound complications are increased, nonunion may require a
revision, a postoperative cast is required, and more time is needed
postoperatively before the limb can be fitted with a prosthesis. It also can
result in a residual limb that is too long for a more sophisticated foot
prosthesis and distal bulkiness can affect prosthetic cosmesis. The rate of
complication is approximately 15%, most being soft-tissue healing that can

be managed with local wound care.35

Congenital Tibial Pseudarthrosis
Special caution is needed in performing amputations in patients with
congenital tibial pseudarthrosis in whom multiple attempts for a union
have failed. It is tempting to amputate through the nonunion site; however,
overgrowth may develop in the transtibial residual limb and nonunion may
occur after a residual limb capping procedure. Amputation at the level of
the ankle is recommended to improve the length of the residual limb as
well as decrease symptoms from overgrowth. The nonunion may or may
not persist after a Syme disarticulation or a Boyd amputation; however, the
nonunion is rarely symptomatic within the prosthesis and may not require
further treatment.35-37

Van Nes Procedures
A Van Nes rotationplasty substitutes a 180° rotated ankle for the knee in
patients with a femoral deficiency. Borggreve38 originally described the
procedure in Germany for the treatment of tuberculosis of the knee, and
Van Nes later modified the procedure to treat congenital femoral focal
deficiency. The procedure also can be performed after primary tumor
resection about the knee.39,40 Long-term follow-up studies have shown
excellent function and more energy-efficient gait parameters compared
with similar patients who received a transfemoral amputation or
conversion of a congenital deficiency to a transfemoral amputation.
Cosmesis often is an initial concern; however, follow-up studies
consistently report that a Van Nes rotationplasty is well accepted by
patients from a psychosocial and a cosmetic point of view.41-43
Various surgical techniques have been described for a Van Nes
rotationplasty. Invariably, the knee joint is resected; typically one or both
growth plates at the knee also are resected. The limb is rotated 180°, and
then it is fused with an intramedullary rod and a temporary percutaneous
cross pin, a plate, or an external fixator. A spica cast also can be used.
Because ankle motion substitutes for the knee, the ankle must be stable
with excellent function and range of motion before surgery. Mild fibular
deficiency where the tip of the fibula ends at the mortise has shown good
postoperative function in a case study (AV Cuomo, KC Perkins-Tiff, PR
Scott-Wyard, et al, unpublished data presented at the Association of
Children’s Prosthetic-Orthotic Clinics Annual Meeting, Banff, Canada,

2012). Derotation of the limb can occur and sometimes requires a second
procedure to rerotate the limb. Compensation of mild loss of rotation
occurs through subtalar motion. The rotationplasty can be technically
performed in Aitken types A, B, C, and D femoral deficiencies. Additional
rotation can be achieved through the middle of the tibia as part of the
primary procedure or to treat derotation (Figure 5). If there is a hip joint,
treatment of any hip dysplasia or coxa vara should be considered to
optimize hip function. Additional rotation can be achieved after the coxa
vara is addressed. Patients with a stable hip generally do not require an
ischial weight-bearing prosthesis.

Multiple Limb Deficiencies
The child with multiple limb deficiencies requires special consideration
because the capability to perform tasks is dependent on how well other
parts of the body can substitute for function. A holistic, team approach is
particularly important for planning treatment. Surgery is rarely indicated
for multiple congenital deficiencies. Amputation or surgical correction of
the feet or remnants of the feet should not be done if they substitute for
hands, even if surgery will provide better gait or improved prostheses use.

Figure 5

AP radiograph of a Van Nes rotationplasty
performed in a child with a congenital femoral deficiency. The
short distal tuft of the femur limited the extent of rotation
through the knee fusion, and additional rotation was achieved
with an osteotomy in the tibia. (Courtesy of Joseph Ivan
Krajbich, MD, Portland, OR.)

Summary
The etiology and management of pediatric and adult amputations differ
substantially. By adhering to several surgical principles, an acceptable
result can be achieved in pediatric patients undergoing amputation. These
principles are based on the child’s growth and its effects on residual limb
length and the potential for terminal bony overgrowth. The treatment of
children with congenital limb reductions and multiple-limb involvement
often requires a multidisciplinary team approach. Surgical planning
requires a thorough evaluation of the child, predictions of limb differences
at maturity, and consideration of the family’s needs and expectations.
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Chapter 65

Prosthetic Considerations in
the Pediatric Patient
Brian J. Giavedoni, MBA, CP, LP

Abstract
Pediatric prosthetics has become a well-established subspecialty within the
field of prosthetics. The fitting of a limb-deficient child with a prosthesis is a
complex process requiring a thorough knowledge of the child’s underlying
conditions and anatomic anomalies. Additional considerations in these
children are the initial need for family-centered care and the long-term
nature of care that will be required over the patient’s lifetime.
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Introduction
The prosthetic prescription for a child is very different than that for an
adult with a similar level of limb loss. Congenital limb differences require
an understanding of the anatomic anomaly and all of the associated
developmental, physical, and physiologic implications. In the management
of pediatric limb anomalies, the child is a continuously changing patient in
whom body size, limitations, and physical potential mimic the ageappropriate developmental advances expected in able-bodied children. The
support and participation of the patient’s family, technologic advances,
and the practitioner’s skill and experience all contribute to the prosthetic
fitting outcome.
Lifelong and family-centered care are two additional distinctions in the

treatment of a child with a limb deficiency. Unlike their adult counterparts,
children often have no input in initial surgical planning or prosthetic
prescription. All decisions are made by parents in consultation with the
treatment team, which often includes a physician, a prosthetist, a therapist,
and a social worker. Prosthetic issues unique to children with limb
differences encompass anticipated physiologic growth, healing potential,
and tissue metabolism.
The incidence of congenital limb deficiency is approximately 5 to 10
per 10,000 live births.1 Children with upper limb deficiencies outnumber
those with lower limb deficiencies by a ratio of 3:1, and they often have
multiple limb anomalies and other comorbidities or syndromes (Figure 1).
A comprehensive examination of a child with a congenital limb difference
should include facial, spinal, and pelvic evaluations so that other
conditions can be quickly identified. If a syndrome is involved, the limb
difference may not be the most pressing medical issue.

Prosthetic Fitting Strategies
Lower Limb Fittings
The prosthetic socket is the foundation of a well-designed and functional
prosthesis and must be intimate, anatomically correct, and comfortable.
The socket represents the interface between the patient’s body and
technology. A poor socket fit will negate the advantages of good
technology. Generally, a prosthesis for a child should be designed to last at
least 12 months, although its useful duration is heavily dependent on the
activity level and play habits of the child. A prosthesis that becomes
unusable in less than 1 year may indicate that either the initial socket fit
was too aggressive or it did not take into account both longitudinal and
circumferential growth.2 From a global perspective, the ability to “grow” a
prosthesis to coincide with the child’s physiologic growth is an important
consideration for the prosthetist. Although manufacturers have provided an
ever increasing number of prosthetic components, the most desirable
options are those in which parts can be added to increase height or those
made of materials that can be adjusted after fabrication.

Figure 1

Photograph of an infant with multiple congenital
limb anomalies, including left proximal focal femoral deficiency
and right and left ulnar deficiencies.

Lower limb socket designs and components vary with the age, the
activity level, and the functional requirements of the individual child. Most
children with a lower limb deficiency will want to walk, run, and play in
the same manner as their able-bodied peers. Knowledge gained over the
past 10 years has demonstrated that protecting a young child (6 years or
younger) from falling by incorporating a locking knee into a transfemorallevel prosthesis is not only unnecessary but may prove counterproductive.
Studies have suggested that early knee placement in a prosthesis can
reduce the adaptation of clearance options during the development of
ambulation.3-5

Figure 2

Photograph of the limb of a child with a very short
transtibial amputation. A pin liner (center) can be used for
suspension over a thin thermoplastic inner socket (right). The
outer prosthesis is shown on the far left.

Although many component options are available for pediatric patients,
the choice of whether to use a particular option must be based on sound
clinical judgment. Manufacturers began producing pediatric component
lines in the late 1980s and, over time, have substantially increased the
variety of components available for most functional amputation levels.
Stance control knees, which are frequently selected for adult amputees,
are often unnecessary for the child with lower limb loss. For children, a
step-over-step strategy for descending stairs is often impossible in a device
with activated stance control. Step-over-step running is effortless if a child
is exposed early to this activity, and it is hampered by a knee with
prosthetic stance control. In the experience of this chapter’s author, most
children request deactivation of the stance control feature in their knees so
that their activity level is not reduced. Similarly, although a locking knee
may be appropriate for geriatric patients, it is rarely appropriate in the
pediatric population. If increased knee stability is required, simple
alignment modifications can be made to articulating knees to increase
stability.

Although suction sockets provide an intimate, secure solution to both
suspension and ease of donning for adults, these sockets are generally illsuited to the growing child. Relatively small variances in volume can
substantially affect both fit and the ability to maintain a vacuum seal.
Similarly, although various types of gel liners provide comfort, these liners
increase the need for hygienic practices to avoid the commonplace
occurrences of yeast and fungal infections. In addition, liners add weight
and bulk to an already visually oversized prosthesis. However, if justified
clinically, liners can afford both suspension and the ability to increase the
lifespan of the prosthesis by allowing changes to the liner thickness to
compensate for growth (Figure 2).
Experience has demonstrated that most healthy, active pediatric
amputees easily achieve a K4 activity level through their developing years
and into their 20s and 30s. Because of the high activity level of many
children, pediatric lower limb components may be subjected to tremendous
wear and tear. When catastrophic failure is not the reason for replacement
of a prosthesis, physiologic growth is usually the inciting factor.
Generally, a child will grow 12 inches (30.38 cm) per year, thus
warranting the need to replace a prosthetic foot, and, in most cases,
requiring a new socket or an entirely new prosthesis.

Upper Limb Fittings
In the child with an upper limb difference, early fitting with a passive
prosthesis with a hand can assist in crawling and maintaining sitting
balance by equalizing limb lengths. With the advent of small silicone
sleeves for upper limb suspension, torso-shoulder harnessing is no longer
necessary in early-stage fittings. Adequate suspension can be achieved by
using a combination of a self-suspending socket design and a sleeve
(Figure 3).
If the tools or benchmarks used to establish the success or failure of a
pediatric upper limb prosthesis are flawed, then the expected outcomes
will be unreliable. If an upper limb prosthesis is viewed as a tool that is
specifically tailored to the needs of the individual child, then success
should be measured based on the successful completion of tasks chosen by
the child, not by the clinician or tester. In a study by Crandall and
Tomhave,6 it was concluded that successful unilateral transradial amputees
will choose a prosthesis on the basis of functions unique to their own
specific needs, and that the most successful users have prostheses that

provide multiple options. The study reported that 26 of 29 of the amputees
(90%) reported using their upper limb prosthesis, with an mean daily use
of 9.2 hours. Fourteen of the study participants reported using their
prostheses on a fulltime basis throughout the year.

Figure 3

Photographs of a child with a transverse radial
deficiency. A, A self-suspending three-quarter socket design
provides equal arm lengths. B, The socket design allows for
propping and balance.

As technology advances, more prosthetic options are becoming
available for patients with wrist disarticulations and partial hand
amputations. Only a decade ago, individuals with partial hand amputation
were considered ineligible for prosthetic fittings because of their very long
residual limbs. Ten years later, based on the Client Centered Care System
assessment, positive results were reported in preliminary research on 14
patients with congenital partial hand amputations who were fitted with the
externally powered ProDigits (Touch Bionics) prosthesis.7
In both upper and lower limb prosthetic management, a common
dilemma is whether to replace the entire prosthesis or only the failed or
outgrown components. As a general rule, the entire device should be
replaced if (1) the major components (hand, foot, or knee) have excessive
wear and (2) the socket requires replacement because of growth or surgical
revision. However, because the hands of children have a slower rate of
growth than their feet, a prosthetic hand will continue to match the soundside hand for a longer period of time. An intact prosthetic hand may often
be reused on a replacement prosthesis after the child has outgrown the
prior device.

Growth Management in Children
Growth in children is a physiologic reality, and their open growth plates
represent a major difference between children and adults. In adults
undergoing amputation, adequate space can be allowed to accommodate
both an optimal socket design and a good selection of prosthetic
components. This is not the case in pediatric patients in whom
transosseous amputations are rare. Rather, an elective amputation in a
child with a congenital limb deficiency is usually performed through the
most distal joint. Disarticulation preserves the distal growth plates,
prevents residual bone overgrowth, and improves weight-bearing ability
and the stability of the prosthetic socket on the residual limb. This
approach, however, presents the prosthetist with the unique challenge of
providing a prosthetic fitting for a very long upper or lower residual limb;
optimal component selection is rarely a reality in this situation.

Figure 4

Photograph of a child with a lower limb prosthesis
in which dynamic alignment has been achieved without the aid
of alignment jigs or hardware because of space limitations.

In the upper limb, the placement of myoelectric hardware within the
forearm of a very long residual transradial limb is challenging. In the
lower limb, prosthetic components that can be aligned are commonplace
for adult amputees but are generally contraindicated in pediatric patients
because of spatial limitations. The art of attaching a socket to a lamination
plate directly with no built in alignment capability continues to be standard
practice (Figure 4). When a knee disarticulation is performed, the lack of
additional clearance for the knee results in a lower knee center than on the
contralateral side. In some instances, the knee center can be better
approximated by mounting the knee joint posterior to the distal aspect of
the limb (Figure 5). Any level of knee bending allows for shortening of
the overall length of the entire limb, which affords ground clearance for
the swing-through phase of gait.
An underlying goal for all clinicians involved in the prosthetic care of
children is to ensure that surgical management ultimately leads to the best
possible prosthetic outcomes in adulthood. When staged or timed
appropriately, growth plate arrests can maintain the functional benefits of
distal end bearing while creating increased clearance for prosthetic
components over time. Growth plate arrest may be performed in patients
treated with knee or ankle disarticulation. This practice of growth plate
arrest varies depending on the medical center where the patient is treated,
but it can provide the necessary space to allow for superior prosthetic
components that would not otherwise be possible because of spatial
limitations. The eventual creation of equal knee center heights is often
more relevant to the mature amputee because of aesthetic concerns that
usually manifest in young adulthood and functional concerns, such as a
prosthetic knee that can accommodate the limited legroom on airplanes.

Figure 5

Photograph of a child with a proximal focal femoral
deficiency fitted with a single axis knee. The knee center is
better approximated by mounting the knee joint posterior to the
distal aspect of the limb (on the heel).

The use of socks to adjust or accommodate changes in limb volume is
a common practice in both adult and pediatric patients. Initially, a parent
will aid the child in donning and doffing the prosthesis. Proper alignment
of the residual limb within the socket is critical for comfort and good
function. Socks can range from 1 ply to 5 plies in thickness. Thermoplastic
socket designs with frame support allow for increased flexibility and
volume control by adjusting the socket with heat if necessary, or adding
interface padding behind the inner socket to increase support areas.

Figure 6

Clinical photograph shows terminal
overgrowth that will require surgical intervention.

bony

In the upper limb, circumferential growth can be accommodated with
the use of an onion skin transradial socket design that allows very thin
layers of the inner socket to be peeled away. Based on the experience of
this chapter’s author, a growing infant tends to undergo longitudinal
growth while baby fat is slimed or shed. This results in loss of socket
suspension caused by the overall circumference reduction of the residual
limb. The addition of a silicone upper limb sleeve can address this
challenge.

Bony Overgrowth and Angular Deformities
Most elective amputations in children with congenital limb differences are
planned to preserve bone growth by preserving the distal growth plates. In
patients with traumatic or acquired amputations, a transdiaphysial
amputation may be performed, resulting in eventual periosteal
overgrowth8 (Figure 6). In general, after bony overgrowth begins,
prosthetic wearing tolerance quickly decreases and prosthesis nonuse is
common. Very few prosthetic interventions are available to reduce the
pain associated with such overgrowth. The presence of a small bursa,
detected by palpation, is a classic sign of the onset of overgrowth. These
bursae generally require surgical treatment. A number of surgical options
are available, and some are more successful than others at preventing
recurrences.

Figure 7

Photograph of a child with a prosthesis designed to
provide proper alignment for angular issues. The patient had
fracture nonunion and transtibial amputation.

Angular deformities are very common in patients with congenital limb
deficiencies. In a patient with longitudinal deficiency of the fibula, there is
a high incidence of genu valgus, often resulting in angles greater than 35°.
However, biomechanical principles dictate that the ground reaction force
from a prosthetic foot pass near or through the center of the knee. With an
angular deformity at the knee, the foot is outset to accommodate the limb.
The resultant medial distal hump can be sizable, and it often poses a
challenge in wearing pants. (Figure 7). Angular deformities can be treated
with either guided growth surgery or osteotomy. Consultation between the
prosthetist and the pediatric orthopaedic surgeon is necessary to determine
the need and timing of surgical interventions.

Figure 8

Photograph of a child with quadrilateral
amputations using a prosthetic socket with a saucer setup for
balance training and core trunk strengthening.

Bilateral Lower Limb Deficiencies
Prosthetic fitting for patients with bilateral lower limb loss requires clinical
experience in recognizing the correct prosthetic pathways to optimize
outcomes. In general, fitting of a bilateral transtibial or Syme ankle
disarticulation prosthesis is initiated when the child reaches the pull-tostand stage of development. Bilateral prosthetic fitting is similar to
unilateral fitting except in alignment challenges. In a child with a bilateral
longitudinal deficiency of the fibula, flexed knees are common and must
be considered when aligning the prosthesis. Genu valgus may also be
present and will require incorporation into the prosthetic alignment.
Patients with bilateral transfemoral amputations or knee
disarticulations begin with short nonarticulated stubby prostheses
(stubbies) or may start with knees incorporated into the devices. The
decision of whether or not to initially add knees requires expertise and
sound clinical judgment. The first prosthesis is usually best designed with
stubby feet. This strategy provides the child the opportunity to develop
balance and coordination with the prosthesis and frees the child’s hands

for other tasks. Historically, stubby feet were attached to a saucer. The
rocker motion provided balance training and core strengthening. Although
the saucer technique is now rarely used, it remains a sound viable practice
for the quadrilateral amputee (Figure 8). After standing stability and good
core strength are achieved, adding knees to subsequent prostheses has
proven to be an effective transitional step as the child reaches
developmental milestones.

Summary
The management of children with limb deficiencies is challenging and
complex. Clinical practice guidelines for the pediatric patient are often
anecdotal and based heavily on mentoring experiences. A child with
bilateral congenital or acquired amputation warrants special consideration.
Understanding the physical and physiological differences of a child with a
limb deficiency is necessary to optimize prosthetic fittings and provide
quality care over the lifetime of the patient.
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Chapter 66

Occupational Therapy for the
Child With an Upper Limb
Deficiency
Wendy Hill, BScOT Vivian J. Yip, OTD, OTR/L

Abstract
Comprehensive care of a child with an upper limb difference includes
occupational therapy. To provide the best outcomes for this patient
population, it is helpful to review prosthetic and nonprosthetic care and
prosthetic and therapy options, as well as understand the role of the
occupational therapist. The importance of family-centered care and
involvement of a comprehensive team should be recognized. Considerations
are needed to accommodate the uniqueness of each child, family, and
situation.
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Introduction
Children are adaptable. A child born without an arm or a hand, with a limb
difference, or who has an acquired upper limb amputation is capable of
learning how to complete necessary tasks and participate in desired
activities. If children are fitted with a prosthesis at an early age,
encouraged to wear it, and taught how to use it, they will learn how to
accomplish important activities using the prosthesis. If a child chooses not

to wear a prosthesis, he or she will learn to do these activities in other
ways, often using other parts of the body to compensate for the missing
limb.
Unilateral congenital transradial limb deficiency is a common level of
limb loss seen in pediatric prosthetic clinics throughout the world.1-4 The
treatment of upper limb deficiency differs slightly from clinic to clinic, but
most clinics offer prosthetic fitting as a common treatment option for
children. Regardless of the decision to elect or decline a prosthetic fitting,
the child should be regularly evaluated by the management team. The team
of specialists in an upper limb clinic can assess the child as he or she
develops and address concerns or issues that may arise. Experienced
clinicians can be identified through the Association of Children’s
Prosthetic and Orthotic Clinics (ACPOC). This organization promotes
multidisciplinary team development and collaboration and supports
research and education for professionals involved in caring for children
who need orthopaedic interventions.5 Information on clinical teams who
provide care for children with limb differences is available from ACPOC
and can serve as an additional resource.
The prosthetic options for children with upper limb loss include
passive or cosmetic prostheses, body-powered or cable-activated
prostheses, and externally powered prostheses. When children become
involved in extracurricular activities and sports, more than one type of
prosthesis may be required. Children who are fitted with a prosthesis often
have an active-grasping prosthesis for daily use and may also have a
passive prosthesis with activity-specific recreational attachments or a
passive cosmetic option.
It is important to be aware of the psychological effect experienced by a
family or a child with a limb deficiency. The desire to have a prosthesis
may be rooted in the child’s or the family’s desire to appear “normal” to
the outside world, possibly to avoid stares and questions from strangers or
to assuage the guilt parents may feel regarding the cause of the limb
deficiency. A prosthesis may help the child and/or the family come to
terms with the child’s condition, and a cosmetic prosthesis may promote
comfort in social situations.
As children age, they will decide if they need a prosthesis and what
type of prosthesis they prefer. Being fit with prostheses during childhood
allows the exploration of various options and provides experience on
which to base prosthetic decisions later in life.

The Team and First Assessment
The members of the clinical team will vary depending on the clinic but
may consist of a physician (pediatrician or physical medicine specialist),
an orthopaedic surgeon, a prosthetist, an occupational therapist (OT), a
physical therapist, a social worker, a case manager, a child-life therapist, a
nutritionist, a psychologist, and a psychiatrist. The first encounter with the
clinical team can be intimidating for families, so it is important not to
overwhelm them by introducing too many care providers at the initial
meeting. One of the main goals of the first meeting is to build rapport with
the family and child because the clinic may be providing care for many
years. Some clinics treat children until they are 18 years of age, whereas
others follow the patient into adulthood. If the family is having difficulty
accepting or coping with the limb loss, further psychosocial counselling
should be recommended.
Pediatric care involves the entire family unit. The activities or interests
that are important to the family will form the basis of the child’s treatment
by the team. If the family wants the child to be fit with a prosthesis,
information and appropriate prosthetic options should be presented by the
prosthetist and/or the OT. When funding is secured, the prosthetist will
begin building an appropriate prosthesis. The OT typically has a role in
evaluating the child as he or she works with a temporary prosthesis and
may provide feedback to assist the prosthetist so that the device can be
fabricated in the most ideal functional position. The child and the family
will then attend prosthetic training sessions with the OT to learn how to
use the prosthesis and incorporate it into daily activities.
The role of an OT is to maximize independence in occupations
(meaningful and purposeful everyday life activities).6 These include the
activities of daily living (ADLs) and the instrumental activities of daily
living (IADLs). ADLs are activities oriented toward taking care of one’s
own body. For a child, this may include bathing, grooming, hygiene,
toileting, dressing, and feeding. IADLs may include play participation,
exploration, school activities, and social participation with peers and the
community.6 As children develop, these activities will change and may
include participation in hobbies, sports, and work activities. The OT
provides skilled services in collaboration with the family and the team to
facilitate full engagement in the child’s everyday life activities. For a child
with upper limb loss, the OT assists the family in solving problems in
accomplishing ADLs and/or IADLs with or without a prosthesis. The OT

evaluates the development, behavior, and performance skills of the child to
establish family-centered goals and interventions and provides information
and resources to educate the family so that the child can work toward
optimal participation in ADLs and IADLs.
Table 1 Items That May Be Included in the Team Assessment

The involvement of other team members can help the family to accept
and cope with the limb difference. The OT will follow the child’s
development, help the parents focus on the child’s strengths and abilities,
and address concerns about the child’s ability to participate in future
activities.7 Many aspects of the child’s life, health,8 and relationships may
be included in the team assessment (Table 1).

Unilateral Transradial Deficiency
Prosthetic Considerations
When a family decides to pursue prosthetic fitting for their child, the
options for appropriate types of prostheses should be presented at the first
consultation appointment and at subsequent appointments over the years as
new technologies or components become available. The options for a
prosthesis are dependent on the age of the child, the level of amputation,
and the availability of funding. Practice guidelines vary regarding the age
when the first prosthesis is prescribed. A 2006 review of the literature
determined that the age of the first fitting varied worldwide, with the age
ranging from 2 months to 25 months.9 The aim of the study was to
determine if fitting a prosthesis before 2 years of age was related to lower
rates of rejection and better functional outcomes at an older age. The
authors concluded that the currently used guidelines for prosthetic
prescription procedures are based on experience, not on evidence.
Shaperman10 conducted a survey of fitting practices for children with
transradial limb loss in pediatric prosthetic clinics throughout North
America. She concluded that most children with unilateral transradial limb
absence have their first fitting when they can sit (approximately at age 6
months) and are later fit with an active-grasping prosthesis when the child
demonstrates awareness of cause and effect and attempts to hold objects
(between ages 10 and 18 months). Because there is limited evidence-based
research on the best age for fitting the first prosthesis, it is important to
collaborate with the child’s parents to determine what is in the best interest
of their child and family.
There are various reasons why children with congenital upper limb
differences may be fitted with a prosthesis at different ages or stages of
development. The home situation may be overwhelming for some families,
and they may be unable to comply with the requirements of prosthetic care
when the child is a toddler. A family may want to wait until the child is
able to verbalize his or her wants and needs or may not have access to care
when the child is young. Regardless of the reason, prosthetic fitting in an
older child has its own considerations. The child will likely be able to
express his or her opinions, and his or her level of motivation will need to
be considered. It is likely that an older child will have adapted to
efficiently completing ADLs with compensatory techniques and will not
find a prosthesis useful for these tasks. If fitted, the child may only
consider a cosmetic option for special occasions or an activity-specific

prosthesis to participate in sports or recreational pursuits of particular
interest. If the child decides to incorporate an active prosthetic option into
ADLs and IADLs, he or she must be prepared to allot time for training
with the prosthesis to achieve proficient use.

The First Passive Prosthesis
The goals of fitting the first passive upper limb prosthesis at an early age
are twofold. First and foremost, it allows the family to establish a
consistent wearing pattern and become accustomed to incorporating the
prosthesis into the family’s lifestyle. When a child age 2 or 3 years is fit
with a prosthesis for the first time, parents often must struggle to keep the
prosthesis on the child. This may be because the child is accustomed to
using his or her residual limb in daily activities and the added weight and
heat of the prosthesis forces the child to do tasks in an unfamiliar manner.
Second, a prosthesis that is fitted around the time the child is mastering
sitting can be incorporated into the acquisition of gross motor skills. It
provides length extension and support on the missing side to aid with
sitting balance, reaching forward while sitting, prone play, crawling, and
pulling to a standing position (Figure 1).
When a child wears a prosthesis as a regular part of the daily routine,
he or she learns to manipulate toys in the true midline of the body, instead
of a skewed midline closer to the missing limb when a prosthesis in not
worn. The prosthesis helps establish a more upright posture from a young
age and encourages body symmetry. The neuronal group selection theory
of brain development described by Meurs et al9 implies that if a child
wears a prosthesis during the early phases of development, a
representation of the limb with a prosthesis will be established in the brain.
If the prosthesis is used as the child develops motor skills, the child will
have motor functioning abilities with and without the prosthesis.9 The
clinical experiences of the authors of this chapter reinforce this theory
because children who establish an early prosthesis wearing pattern tend to
incorporate the use of the device into their daily routines and use it to
accomplish daily tasks.

Figure 1

Photograph of a child with a passive upper limb
prosthesis that provides support in prone play.

The prosthetist and OT provide the parents with a home program when
the passive prosthesis is fitted. This program should include instructions
for initial wearing time and how to progress to full-time wear. At the
Atlantic Clinic for Upper Limb Prosthetics, New Brunswick, Canada, fulltime wear is considered all waking hours, with removal of the prosthesis
for napping and bathing. The parents should monitor the child for signs
(such as localized areas of redness around the brim of the socket or on the
distal end of the residual limb) that the prosthesis is becoming too small
and in need of adjustment.
The home program should also provide instruction for hygiene and
cleaning of the residual limb and the prosthesis. The inner socket should
be cleaned daily with a soft, moist cloth (with a mix of soap and water or
alcohol and water) or a baby wipe. The outside of the prosthesis should be
cleaned as often as the child’s hand is cleaned, such as when there is
obvious dirt or food on it. Certain types of prosthetic gloves are more
prone to staining than others. If there is a polyvinyl chloride glove
covering the hand, it will be easily stained by food dyes, ink, clothing
dyes, and other agents. Stains should be cleaned promptly with alcohol or
they will be very difficult to remove. Many of the newer prosthetic hands
and gloves for children are made of silicone and do not stain easily.
As part of a home program, it is helpful to include a list of toys or
activities that will encourage use of the prosthetic arm in bimanual play. If

the child does not pay attention to the side with the prosthesis, interesting
toys can be attached over the hand with straps or handles. Toys that can be
placed in the mouth or that make noise may be highly interesting to very
young children. A fun game can be made by placing toys with large
handles on the prosthetic hand and encouraging the child to remove them.
The child can be encouraged to hold down a toy with the prosthesis while
playing with or manipulating the toy with the other hand. Deep pots or
buckets filled with blocks or smaller toys to dump or pick up are fun for
some children. Playing with large balls or large stuffed animals encourages
bimanual arm use, as does playing pat-a-cake or other rhyming songs with
arm gestures.
Regular follow-up with the family is essential to monitor progress with
the wearing schedule, comfort, and fit of the prosthesis as well as the
child’s achievement of developmental milestones. These will be factors in
deciding when to fit the next prosthesis. If the prosthesis is too snug before
the child is considered developmentally ready, the prosthesis can be
lengthened or the socket can be adjusted to allow more time for the
development of gross motor skills and improved cognitive readiness.
It is important that the fitting process does not have unnecessary delays
that would leave the child without a prosthesis after a wearing schedule
has been established. If possible, the fitting for a new prosthesis should be
started before the previous device has been completely outgrown. This will
ensure any progress made in wearing and using the prosthesis is not lost.

The First Active Prosthesis
The appropriate time to fit a child with the first active prostheses varies
among practitioners and in different parts of the world. Some centers
follow a developmental approach to fitting a child with a myoelectric
hand, meaning that the child is considered ready if he or she is cognitively
ready and is walking and no longer requires arm extension for balance.
Other centers fit a body-powered prosthesis when the child meets their
readiness criteria; an externally powered prosthesis would be considered if
the child proves to be a good user of the body-powered device. In
Germany, the family is given the choice of either a myoelectric or bodypowered prosthesis when the child is between the ages of 2 and 4 years.11
In the United Kingdom, prosthetic centers follow guidelines established by
the British Society for Rehabilitation Medicine. These guidelines
recommend fitting children for a first passive prosthesis between the ages

of 4 to 15 months, and then fitting the first active prosthesis, either a bodypowered device or a myoelectric device, between the ages of 15 months
and 3 years.12
When a child has outgrown the passive prosthesis and is considered
ready for a prosthesis with active prehension, the team, including the
family, must determine what type of prosthesis will best meet the child’s
needs. To ensure the child’s success with an active prehension prosthesis,
the family must be committed to attending the training appointments and
complying with the requirements of the home program.
Body-Powered Prostheses for Young Children
When the child has outgrown the first passive prosthesis and/or has
demonstrated a readiness to use a terminal device for grasping, an activegrasping prosthesis should be considered. The criteria to determine
readiness are as follows: (1) the child can follow simple one- or two-step
directions; (2) he or she has an attention span of at least 5-10 minutes; (3)
the child attempts to put objects in his or her hand or the terminal device;
and (4) the child tolerates being handled by the OT.13,14
During general development, the child may be ready for formal
training between 20 and 26 months of age.13,14 The child’s behavior,
ability to attend to simple instructions, and motor development will
influence the progress during prosthetic training. A home program for the
family will guide parents in how to assist the child in learning the control
motions of opening and closing the terminal device and promote followthrough with using the prosthesis.
Toddlers with a transradial deficiency are typically fit with the elbow
preflexed in the socket. This allows the terminal device to be in a midline
position without the child exerting much effort, and the prosthesis will be
prepositioned adequately for two-handed activities. When the prosthesis is
positioned with the elbow in extension, which is more appropriate for
adults or older children, toddlers tend to ignore the prosthesis, and more
effort is needed for appropriate midline use of the prosthesis.13,14 A wellbalanced harness that is slightly snug and does not have a center ring will
help the very young child easily learn the control motion.
Initial prosthetic training should begin at a height-appropriate table for
the child to learn the basic control motion. The OT should sit behind the
child and use both hands, one hand on the shoulder joint for stabilization
and one hand on the forearm of the prosthesis to assist with humeral

flexion for opening the terminal device13,14 (Figure 2). The therapist
should call attention to the open terminal device with verbal cues. The
child is encouraged to use the sound hand to place an object in the open
terminal device while the OT guides the prosthesis from humeral flexion
to humeral extension to close the terminal device securely on the object. It
is important to use repetitive bimanual tasks to teach the control motion,
including activities such as stringing beads, opening nesting barrels, and
opening markers. The child should be encouraged to use the prosthesis for
gross motor activities and all daily tasks.
As the child progresses and understands the basic control motion, he or
she needs to learn various prosthetic skills and refinements. These include
prepositioning the terminal device, accurate placement of objects inside
the terminal device, opening the terminal device close to the body, keeping
the terminal device closed when reaching forward, and refining the basic
control motion to include shoulder abduction. All of these skills are
learned by the child through practice and performing age-appropriate
bimanual activities on a daily basis and during prosthetic training with the
OT. Training activities and functional tasks described in the following
section on externally powered prostheses also can be used in bodypowered prosthesis training.
Externally Powered Prostheses for Young Children
Externally powered prostheses generally refer to those devices operated
using myoelectric control. However, activation also can be accomplished
with switches, touchpads, or linear transducers. Children with longitudinal
deficiencies who have digits at the distal end of the residual limb may
prefer to use the movement they have in the distal end to push against or
activate a switch or touchpad to control a prosthetic hand.
Egermann et al11 described the following keys to success in a pediatric
upper limb prosthetic rehabilitation program. A myoelectric prosthesis
should be fitted at a specialized center, and the child should be managed
by a specialized multidisciplinary team. The child should train with an OT
and be regularly monitored to assess use of the prosthesis and for changing
prosthetic needs. The center should provide timely support for
maintenance and repair of the prosthesis.
Myoelectrode Site Selection
When fitting a young child with the first myoelectric prosthesis, a simple

one-muscle system is often used to operate the hand. When the muscle is
contracted, the hand opens. When the muscle is not contracting, the hand
closes and remains closed. This is often referred to as the “cookie crusher”
control strategy. Initially, the electrode sensitivity will be set quite high so
that any activity of the muscle will cause the hand to open. This is
intentional because it draws attention to the hand and reinforces the causeeffect concept.
When fitting a toddler or very young child with a myoelectric
prosthesis, finding appropriate muscle sites to place an electrode is
generally not challenging. The muscles can be palpated during the
assessment; however, the electrode is generally placed on the forearm
extensors close to the lateral epicondyle. The size of the standard electrode
will usually encompass much of the extensor muscle belly, producing a
strong signal when the muscle is contracted.
During the appointment to select the myoelectrode site, it is a good
idea to place an electrode on the forearm in the approximate location on
the extensor muscle and secure it with a cuff or strap if the child allows. A
single-function toy modified to operate with a standard electrode can be
used to establish the cause-effect concept at this early stage. A toy that
lights up, makes sounds, or moves is highly reinforcing for young children
(Figure 3). When the child is asked to wiggle his or her “little arm,” the
child sees that something happens as a result. This will encourage the child
to continue to activate the muscle to see the resulting action of the toy.
This technique works well when the child is sitting quietly, either with the
parents or with the OT, and is able to attend to the toy. A small room with
a limited number of people is recommended for this training. The OT may
want to gently hold the child’s forearm when he or she is being asked to
wiggle it so the child does not wiggle the whole arm instead of the muscles
in the forearm. A child’s prosthetic hand also can be used in place of the
toy for the purpose of site selection and cause-effect training. Some
children respond well to a prosthetic hand as opposed to a toy; however,
because the hand is not attached to the child’s forearm, operating a hand
this way is still an abstract concept and may not generalize into the ability
to control the prosthetic hand after the prosthesis is fabricated.

Figure 2

Clinical photograph of a therapist positioning a
transradial prosthesis to assist with terminal device operation.

When the child is old enough to have a sustained attention span of at
least 10 minutes and the ability to follow simple instructions, the
myoelectrode site selection process and socket fitting can take place with
the aid of computer software. Several manufacturers have software for
evaluating and visualizing muscle signals, but the MyoBoy tester
(Ottobock) is most often used for pediatric patients because it is the only
software with a virtual child’s prosthetic hand.15 The MyoBoy tester
allows muscle signals to be viewed in real time, and the child can see a
virtual hand moving in real time as he or she activates the electrode
(Figure 4). If the child can isolate the muscle on command, the electrode
sensitivity can be adjusted to an appropriate level, eliminating guesswork.
For young children, the computer software may not be motivating, so
attention will be quickly lost. If this happens, it is more important to know
that the child understands the concept of contracting the muscle to cause
something to happen than to sit for extended periods of time practicing this
control. It may be necessary to distract the child with other toys or games
to ensure that he or she keeps the socket on long enough to ensure a good
fit and intimate contact with the electrode.

Figure 3

Clinical photograph of a therapist using a test
socket with a prosthetic hand during myoelectrode site
selection.

Control Training
When a toddler is fit with the first active-grasping prosthesis, it will likely
be used in a passive manner initially. It is important to manage the
expectations of the parents so they do not assume that the child will
immediately be able to pick up objects with the prosthesis and manipulate
them voluntarily. This will occur gradually over time and will require
regular prompting and intervention by the parents and/or the OT.
When the prosthesis is completed and the prosthetist is satisfied with
the fit and suspension, training can begin. Training should occur in a small
but comfortable room with the parents, child, and OT; the number of
distracting toys or people should be limited. Toys or objects brought in for
training should be kept out of sight until needed by the OT. If the child is
shy or anxious, he or she can be seated on a parent’s lap. If comfortable
with the OT, the child can be seated on the floor facing the OT or at a
small child-size table. The OT may at times want to be behind the child to
hold the prosthesis or to demonstrate actions.
The child is asked to wiggle the “little arm” within the socket. If the

parents use different terminology to refer to the residual limb, the OT
should use the familiar term so the child understands the instructions.
Sometimes, using a sticker on the outside of the socket close to the distal
end of the residual limb on the side where the electrode is located can help
the child understand the motion required. The child can be asked to try to
“touch” the sticker or move toward it with the little arm. When he or she
sees that the hand moves, it will reinforce the muscle movement. The OT
should draw attention to the movement of the hand when the child
activates the muscle. Repetition is important at this early stage. The OT
should continue to ask the child to wiggle or move toward the sticker, and
the child should be praised for opening the hand. The child’s attention
span will dictate how long this training will last.

Figure 4

Clinical photograph of a therapist working with a

child to determine myoelectrode site selection using computer
software. The child can see a virtual hand moving in real time
as the electrode is activated.

If the child opens the hand consistently, small toys, such as blocks,
play animals, plastic rings, and colorful paper, can be placed in the opened
hand to maintain interest. Often the child will want to remove the object
from the hand. By extending the arm to pull a toy away, the extensor
muscles will contract causing the hand to open. This also reinforces the
control of the hand. If the child enjoys the repetitiveness of dropping toys
on the floor, the game of putting objects in the hand and having the child
drop them can be a fun training activity.
At the first myoelectric prosthesis fittings, it is helpful to have a
parental access switch incorporated into the prosthesis in a discreet
location on the forearm. This switch bypasses the electrode and will allow
the parents or OT to open the hand to place objects inside or help release
an object if the child becomes frustrated. This is especially helpful if the
child is attempting to grasp an object and cannot maintain the contraction
long enough to place it in his or her hand or if the hand is stuck on an
object or the child’s clothing.
When the child wants to move around the room, toys with handles,
such as ride-on toys (a rocking horse or tricycle) or push-toys (grocery
carts, strollers, or toy lawnmowers), should be introduced. These toys
encourage bimanual play. It is safer and easier to hold on with both hands
while on a ride-on toy. If the child allows, the OT or parent should help
position the prosthetic hand on the handle of the toy. It is important to let
the child explore using the hand in his or her own way for periods of time
and watch closely for opportunities to intervene. When the OT helps to
position the hand on objects or handles, it demonstrates to the child how
the hand can be useful. This is important even if the child is not at a stage
when he or she can consistently open the hand when asked. By pointing
out these opportunities to parents during training sessions, the OT can
reinforce how the parent can continue training in the home environment.
With very young children, it is important to give frequent breaks
during training or to have multiple short training sessions. The OT must
recognize signs of resistance and judge when to push the child to attempt
to use the hand and when to pull back and allow the child to play
independently. If the OT is too demanding, the child may pull the arm

away or hide it behind his or her back and use only the sound arm for play.
Training progress can be lost if the child resists wearing the arm or
bringing it into play because people are paying too much attention to the
activation of the hand.
If the child is resistant to training strategies to open the hand, it is best
to let the child explore through play and use the prosthesis passively as he
or she has done in the past. This will allow the child to become
comfortable with the weight and size of the prosthetic arm and the sounds
that occur when the hand is opened. If cognitive awareness is present and
the OT is confident that the child has made the connection between
contracting the muscle and activating the hand, success has been achieved.
This may be the only expectation at the first training session. Some
children make the connection within the first 10 minutes of training,
whereas others may need several sessions to fully understand how to
activate the hand.
Over the course of weeks or months through a detailed home program
and the support of the OT, the child is expected to progress from using the
hand passively to using it actively. The process of learning to use a
myoelectric hand can be categorized into the following stages that require
specific skills.16,17 (1) The awareness that moving the muscle causes the
prosthetic hand to open and close. (2) The ability to open the hand on
command, although the child tends to use it passively for support. (3) The
child attempts to place objects in the hand or position the hand but requires
assistance or support because of the weight of the prosthesis. Support may
be provided by the side of the body (Figure 5), a tabletop, the parent, the
OT, or someone else. (4) The ability to successfully grasp objects
spontaneously, without needing support for the weight of the prosthesis.
(5) The ability to hold and carry objects while keeping muscles quiet and
releasing objects when desired (Figure 6). (6) The ability to grasp objects
in various positions around the body and at different heights. (7) The
ability to coordinate use of both hands smoothly and spontaneously. (8)
The ability to adjust the opening width of the prosthetic hand based on the
size and softness of the object being grasped (grasping delicate objects
without crushing them). (9) The ability to grasp and/or release objects
while the arm is moving or the object is moving (Figure 7). (10) The
ability to grasp, hold, or release objects when not looking at the hand.

Figure 5

Clinical photograph of a boy using body support for
the initial control of a terminal device.

Children progress at different rates, and their individual personalities
and age of maturation are factors in how they use their prostheses. Some
children learn to activate the hand and will do this when commanded or
reminded; however, they tend to use the prosthesis in a passive manner
most of the time. Others require very little prompting to use the hand for
grasping and will routinely use it to complete bimanual tasks, although
they still will require assistance to position the wrist appropriately.

Figure 6

Photograph of a child carrying an object with her
prosthetic hand. The muscle must be kept quiet to prevent
release of the object.

Figure 7

Photograph of a child controlling a terminal device
while his arm is in motion.

Figure 8

Clinical photograph of a child using a rocking
horse, a toy that encourages bimanual play.

Much of the training and progression of skills occurs at home. The
home program should reinforce what has been discussed during training

sessions, such as expectations for wearing and using the prosthesis, care
and maintenance information, and the implementation of suggested
activities that encourage use of the prosthesis. Some activities to
encourage bimanual play (Figure 8) are described in Table 2.
Table 2 Suggested Activities to Encourage Bimanual Play

When activities are chosen for training, it is important to note the
opening width of the prosthetic hand. All items should easily fit into the
prosthetic hand for bimanual play, including handles on toys. The smallest
size prosthetic hands have a limited opening width. Parents should be
made aware that the smallest size prosthetic hands have a limited opening
width and should take this into account when purchasing toys for the
home.

Subsequent Prostheses and Changing Control Strategies
As the child develops and ages, the ability to follow instructions improves
and the possibilities for controlling a prosthesis also increase. When the
first myoelectric prosthesis is outgrown, a decision must be made about
when to introduce a two-muscle control system. Children are usually ready
to switch to a two-site control system at 4 years of age or older. At this
point, they have better control over movement of the distal end of the
residual limb and have generally outgrown the behavioral challenges
characteristic of many 2- and 3-year-old children. Their attention spans are
longer and they follow instructions well. The age for introducing a twomuscle control system is variable because it depends on how well the child
has learned to control the one-muscle system and how well the prosthesis
has been integrated into daily use at home. If the child continues to require

prompting to use the hand for grasping and struggles with consistent
control, it is not appropriate to switch to a more difficult control strategy.
When introducing a two-muscle control system, the forearm extensors
and flexors are used if possible. The child must learn to activate and relax
each muscle separately for independent control of the opening and closing
functions of the hand. Initially, the OT should explain to the child how to
move the residual limb to activate the muscles by flexing and extending
the wrist on the intact arm. For some children, asking them to close their
eyes and move both sides in the same manner will help them to achieve
this technique. For some children, holding the residual limb and asking
them to make a muscle on one side of the arm and then the other will be
effective. For others who have soft tissue or nubbins at the end of the
residual limb, it is helpful to draw a face on the end of the arm and have
them move the tissue in different ways to make changes to the face. This
may reinforce the desired muscle action.
When the muscle bellies can be palpated and the child understands the
action required to contract both muscles, visual feedback can be very
helpful to practice the motions. Computer software can be used to show
signals or a virtual hand in real time.15 Initially, it is useful to show the
signals and have the child concentrate on making contractions with one
muscle and then the other. There are training games within the software
that reinforce sustaining signal strength while relaxing the opposing
muscle. Frequent breaks may be required during training because of
muscle fatigue. If the computer software is confusing or too abstract for
the child, a prosthetic hand can be used at this stage of training.

Figure 9

Clinical photograph of a child engaging in a skillbuilding activity to encourage repetitive use of her prosthetic
hand.

In some children with congenital limb loss, the anatomy of the
musculature in the residual limb is not the same as the intact limb and
sometimes there are co-contractions of the extensor and flexor muscles.
This may delay the change to a two-site control strategy or it may make it
impossible to make the change. In these cases, alternative control
strategies can be considered, depending on the prosthetic components
being used. For example, in a rate-sensitive control system, a big or fast
contraction of a muscle opens the hand and a small or slow contraction of
the same muscle closes the hand. The Vario (Ottobock) one-muscle
control system operates much like a “cookie crusher” system but provides
proportional control over the speed of opening the hand by contracting the
muscle and proportional control over closing the hand by the rate of
muscle relaxation. When the child is able to use these alternative control
methods, he or she will have finer control of opening and closing the hand.
This allows more confidence when using the hand for everyday activities.

Progression of Training
When the basic operation of the hand has been mastered, the use of the
hand can be refined. Activities presented in therapy should initially require
repetition to ensure that the hand is working properly and that the child is
consistently able to open and close the hand. Some ideas for initial skillbuilding activities include moving or stacking blocks or cones, playing tictac-toe with wooden blocks, playing board games that require the
movement of objects (Figure 9), and removing caps from markers for
coloring. During these initial skill-building activities, the arm may require
support from the OT or the child to remove the weight factor when
activating the hand. These activities encourage the child to use the hand in
a dominant manner and provide opportunities to operate the hand. If the
activities are motivating and fun, most children will willingly participate.
When the fit of the prosthesis and function of the hand are deemed to be
satisfactory, training can continue using functional activities to reinforce
more natural use of the hand in the home environment.

Figure 10

Photograph of a child stirring a pot. This task
provides bimanual functional activity training.

Figure 11

Clinical photograph of a child demonstrates that
active video games requiring movement in three dimensions
can be used to provide function training that encourages
movement of both arms.

Functional Activity Training
Training activities should be fun and relevant to the child’s age and
developmental level. For preschool-age children, imaginative play and
gross motor activities are popular. Tabletop and gross motor activities
should vary to keep the child’s interest and attention. Children at this age
enjoy many activities, such as drawing; coloring; building with
construction blocks; blowing bubbles; playing simple card games; pretend
play in a kitchen, workshop, or grocery store; dressing in costumes or adult
clothing; parachute games; playing with dolls or stuffed animals; making
objects with dough; and participating in outdoor playground activities.
Self-care skills, such as fastening buttons, zippers, or laces, can be
practiced by dressing up in oversized clothes or dressing and undressing
dolls or stuffed animals. This is easier for the children initially, and they
can progress to practicing these skills on themselves.
As children approach school age, attention should be given to skills
required in the school setting such as cutting with scissors, tying shoelaces
independently, starting zippers on coats, and stabilizing and opening bags
with zippers and individually wrapped snack items. Outdoor play and
learning to skip rope are important as well.
Children near school age or slightly older may enjoy time spent baking
or helping to prepare snacks or food. Younger children may be able to hold
a bowl and stir to make pudding (Figure 10) or roll out dough to make
cookies. Many bimanual tasks can be practiced in the kitchen, such as
opening packages, measuring, pouring, cutting food, washing hands and
dishes, spreading out a tablecloth, putting on an apron, and wrapping and
putting away food.
One of the factors to consider in training is whether the prosthesis will
stay on the child and function appropriately when the child is active and
sweating. Games or sports involving running and full-body movement can
be used to evaluate this concern. Racquet sports such as badminton and
tennis or catching and throwing games are a good choice because they
require the use of both hands. Swinging, playing on a teeter-totter, and
climbing up ladders or rope walls are also good choices. When space is

limited or the child prefers video games, active games that require
movement in three dimensions can be effective in encouraging children to
use both hands to hold remotes while moving in a limited space (Figure
11).

Unilateral Transhumeral and Shoulder
Disarticulation-Level Deficiencies
First Passive Prosthesis: Fitting and Training
The choice of whether or not to fit a child with a unilateral transhumeral or
shoulder disarticulation congenital deficiency with a prosthesis is the same
as for children with a unilateral transradial deficiency. If the family is
motivated to pursue prosthetic fitting, committed to attending follow-up
appointments for therapy, and amenable to participating in a home
program for the child, a passive fitting can be considered at the same
developmental timeframe as that previously described for a child with a
transradial deficiency. The goal of the first prosthesis is to establish a
wearing pattern, accustom the child to the weight of the prosthesis, and
include it during play.
A passive prosthesis at this deficiency level consists of an intimately
fitted socket, a humeral segment, a passive friction elbow, a forearm
segment, a wrist, and a terminal device. The terminal device options
include a passive hand, a mitt, or a voluntary-opening terminal device (for
example, a passive hook or Child Amputee Prosthetics Project terminal
device [CAPP TD#1] with an adult to assist with passive grasping ability).
A passive arm with a friction elbow and wrist can provide support and
help with balance as a child learns to sit and, eventually, to walk. It should
be worn throughout the child’s waking hours as long as it does not
interfere with gross motor skills. Most children with a limb loss at this
level will not crawl on all four limbs. They usually learn to scoot on their
bottoms and use other methods to transition to a prone posture or standing.
A physical therapist may be consulted if there is a delay in the child
achieving gross motor milestones. The parent will need to position the
forearm of the prosthesis for various activities. For example, the elbow
should be in an extended position to help with balance in sitting or when
reaching forward to play. When the child begins walking, the elbow
should be positioned in extension to help with balance. When the child is
comfortable walking, he or she can be encouraged to bring the terminal

device forward to push or carry large items.

The First Active Prosthesis
The readiness criteria used for determining when to transition to an active
prosthesis for the child with a transhumeral limb loss is the same as for the
transradial level. The prosthesis is intended to be used as an assisting or
“helper” hand. This is especially true when referring to higher-level upper
limb loss. As the function of more joints needs to be replaced, it becomes
more complicated and time consuming to control these motions. For
children with a deficiency at the transhumeral level, elbow flexion and
extension, wrist rotation, and hand grasp and release need to be
considered. When fitting a child, especially with the first active-grasping
prosthesis, the hand or terminal device will be the focus of control, with
the other joints remaining as passive friction joints that are manually
positioned.
Body-Powered Prosthesis: Transhumeral Level
The first transhumeral prosthesis for a young child will operate with a
single control cable. It is initially easier for a young child to focus only on
operating the terminal device and then learn how to operate the elbow lock
at a later stage. The same control motions (shoulder flexion and extension)
are used for transradial and transhumeral prostheses. After the child has
learned how to consistently open and close the terminal device on objects,
prepositioning of the wrist and elbow or forearm are introduced. The
length of the residual limb will affect the type of prosthetic elbow used.
There are two types of elbow units available for children–an internal
elbow with a turntable and an elbow with outside joints. The elbow joint
with a turntable is used if an older child is able to tolerate the extra weight
and if the residual arm length is short enough to accommodate the size of
the component. The overall length of the prosthesis should not
compromise the child’s comfort and functional position at a table when
performing two-handed activities. A young child is usually fit with outside
elbow joints with a pull tab to lock and unlock the elbow when the child is
not developmentally ready and does not have adequate shoulder
depression and extension to activate the elbow lock from the control strap
on the harness. The child or an adult caring for the child can activate the
pull tab to preposition the elbow for activities.
An older child who is able to use his or her sound hand on the pull tab

to activate the elbow lock can use his or her ipsilateral leg or a table to
assist with prepositioning the forearm. If an older child has adequate
shoulder depression and extension, the elbow lock control strap may be
attached to the harness. The child may initially need hands-on assistance to
learn the control motions of shoulder depression and extension. The
terminal device at the wrist will be prepositioned in the same way as for a
transradial prosthesis. For example, the terminal device with be rotated
upward (supinating the terminal device instead of upward and downward
movement) for holding cards or rotating it downward (pronating the
terminal device) for holding onto a rolling pin or a bike handle.
The developmental readiness criteria that should be met before adding
a dual-control cable system are usually accomplished at age 4 to 5 years
and include (1) mastering operation of the terminal device; (2) ability to
tolerate one full rubber band on the hook; (3) understanding the control
motion for elbow lifting and locking; and (4) attaining adequate strength
and range of motion to operate the dual-control cable system.
The child should be taught the control motions of humeral flexion and
scapular abduction. The combination of these two motions helps maintain
the forearm in a certain position after lifting. When the elbow is locked,
humeral flexion will allow the terminal device to open. When the elbow is
unlocked, humeral flexion lifts the forearm and scapular abduction keeps
the forearm in position before locking the elbow. The elbow-lock cable is
separate from the dual-control cable system. The child may need a more
hands-on approach to learn shoulder extension and scapular depression to
control the elbow lock. The OT can stand in front or in back of the child
and guide the prosthesis through the control motion. Learning this motion
takes time and practice. It is important to provide a variety of bimanual
activities in standing and sitting positions that require the child to
preposition the forearm, such as buttoning a shirt, tying shoelaces, or
pushing a cart.
Externally Powered Prostheses: Transhumeral Level
The options for controlling a prosthesis at the transhumeral level depend
on the anatomic presentation of the residual limb. If the child has a
longitudinal deficiency and there are residual digits present, the
considerations will be different. The digits should then be used to activate
control of the terminal device within the socket using either force-sensing
resistors or switches. If the child has a transverse deficiency, the triceps

muscle is usually chosen for myoelectric control of the opening function of
the prosthetic hand. Physiologically, this is the muscle most closely
associated with opening the hand. Extending the elbow and opening the
hand is more natural than flexing the elbow to open the hand. Also, when
the triceps is used in a one-site control system, it is easier to learn to quiet
this muscle than the biceps to allow the hand to maintain a grasp while
carrying objects. When children lift large objects, it often triggers
activation of the bicep muscle. Therefore, in the first myoelectric
prosthesis, the triceps is the muscle of choice, and when the child is ready
to switch to a two-muscle control system, the biceps is a logical choice for
activating the closing function of the hand.
When teaching the child to activate the appropriate muscle, the
terminology used must be consistent with the terms that the parents use at
home to refer to the residual limb or any nubbins that might be present. As
with a transradial-level deficiency, the child must learn to move the tissue
at the distal end of the residual limb to activate the muscle. If there are
nubbins present, it is much easier for the child to understand the
instruction of “move your nubbins up like you are trying to hold
something” or “move your nubbins down like you are stretching them
out.” Touching or tickling the area to be activated may help. It may also be
helpful to hold the residual limb so the child does not misunderstand and
activate shoulder muscles.
When the child seems to understand the action required, an electrode
can be placed on the desired muscle belly and held in place with a cuff or
strap. It can then be used to activate either a modified toy or prosthetic
hand to reinforce the concept of moving the muscle to cause some action
and, eventually, to open the hand.
The fitting process for this deficiency level is the same as described in
the transradial section. A cast is taken encapsulating the shoulder, a trial
socket is fabricated, and the final prosthesis is then fabricated to match as
closely as possible the length of the intact arm for the humeral and forearm
segments. A chest strap is used to secure the prosthesis and aid with
suspension.
The strategies for training with an externally powered transhumeral
prosthesis are the same as those used with a transradial prosthesis. The
focus is on learning to control the hand. Initially the OT or parents will
need to position the elbow and wrist in an optimal position for using the
hand. Eventually, the child will be able to preposition the hand to function

independently (Figure 12).
Elbow and wrist units for children will remain as passive or manually
locking joints, unless there is a reason to switch to a powered elbow.
Powered components such as elbows and wrists add a substantial amount
of weight to the prosthesis and are often unnecessary for children who
have an intact contralateral hand to use for positioning the prosthetic hand.
If an externally powered elbow is considered, control of the elbow should
be separate from control of the hand. A simple method is to incorporate a
pull switch into the chest strap harness attached to the humeral segment so
that when the child abducts the arm, the elbow moves.
Body-Powered Prostheses: Shoulder Disarticulation Level
The readiness criteria used for a young child with a transradial deficiency
is similar to activating/fitting a child with a shoulder disarticulation–type
prosthesis. As with transradial and transhumeral prostheses, the initial
focus is on control of the terminal device. However, in adolescents with a
shoulder-level deficiency, positioning of the prosthetic shoulder in
flexion/extension and abduction/adduction need to be considered, as well
as control of the elbow, wrist, and terminal device. The shoulder may
initially be placed in a fixed position of slight flexion and abduction to aid
with function and simplify positioning. The young child needs to be able
to tolerate some frustration and have a good power source to control the
terminal device. A single-control cable with a contralateral thigh strap is
recommended for initial active operation of the terminal device. The
terminal device will operate with shoulder girdle elevation and trunk
rotation, which is a difficult motion for a young child to perform. When
teaching the control motion, it is necessary to stabilize the lower trunk and
have the child use trunk flexion to open the terminal device. Because the
shoulder disarticulation prosthesis has limited function, it will take much
effort by the family to encourage the child to wear and use this type of
prosthesis. The OT will use the same techniques and provide the child with
bimanual activities to encourage use and skill development.

Figure 12

Clinical photograph of a child with a transhumeral
prosthesis demonstrates the importance of positioning the
prosthetic forearm so that the child can focus on functional use
of the terminal device.

The readiness to learn how to operate the forearm lift and elbow lock
operation is the same for a transhumeral prosthesis. The prosthesis will
need a dual-control cable rather than a single-control cable, and the elbow
lock can be connected to a chin nudge control. The child will use shoulder
girdle elevation and trunk rotation on the prosthetic side, while stabilizing
the lower trunk to lift the forearm. The elbow lock will be locked and
unlocked when the nudge button is pushed by the child’s chin. The child
should learn the motion as a combined motion of forearm lifting and elbow
locking from the beginning. A flexion stop, which limits the full range of
motion of the forearm, may initially be used for safety. When the child has
established good control of the forearm motion, the flexion stop may be

removed.
Externally Powered Prostheses: Shoulder Disarticulation Level
When the shoulder joint is absent, the muscles chosen to operate the
terminal device for myoelectric control must be proximal to the shoulder.
The orientation of the electrode on the muscle fibers of the chosen muscle
will be important to consider. Myoelectric control at this level becomes
more complex because the muscles required to operate the functions of the
prosthetic hand are not physiologically associated with the intended
function and are sometimes confusing for a child to learn.
Other options for control at this level are use of push switches or forcesensing resistors; the latter provide proportional control based on
proportional pressure on the surface of the touchpad. Push switches can be
used when the child can elevate, depress, protract, and retract his or her
shoulder to activate control over various prosthetic components. A single
switch can be used with a simple “cookie crusher” control circuit to
operate a prosthetic hand. Dual-action switches can be used to operate
elbow motion, where a small shoulder motion activates elbow flexion and
a larger shoulder motion activates elbow extension.18 When fitting a child
at this level, it is best to begin simply with control of the terminal device as
the only powered component.

Figure 13

Photograph of an opposition post, which is a
commonly used prosthetic device for a child with a partial hand
deficiency. The device attaches to the limb with a distal and
proximal bracelet and provides a flat, hard surface and a post

for opposition.

Transcarpal and Partial Hand Deficiencies
Amputation levels distal to the wrist have many functional advantages
over those above the wrist. If the length of the forearm is equal to the
contralateral limb and the wrists are equal in length, body posture will be
symmetric. The limb can be very useful as a support for holding objects
while manipulating objects with the dominant hand. If there are any
nubbins present on the residual limb, they may also be used to manipulate
objects.
Many children with a deficiency at this level prefer to use their residual
limb and do not tolerate full-time wear of a prosthesis. The advantages of
kinesthetic feedback and proprioception will usually outweigh the grasping
function of a prosthesis. It is important, however, to offer prosthetic
options to these children because their needs and desires will change as
they age.
The most common choice for an assistive device for these children is
an opposition post (Figure 13), which is sometimes referred to as a paddle
or opposition splint. This is a simple device that attaches to the limb with a
distal and proximal bracelet and provides a flat, hard surface to oppose the
distal residual limb. The pad of the post can be covered with a friction
surface to assist with more adequate grip. The opposition post allows the
child to hold objects using the remaining part of the palm by flexing at the
wrist. Using utensils, markers, toothbrushes, and toys with handles
becomes much easier with the ability to hold with both “hands.” The
opposition post typically needs to be customized for thin, medium, or thick
objects. A child may be fit with multiple posts for different activities. An
opposition post for thin objects, such as paper or playing cards, will not be
able to hold large objects, such as a baseball bat or bike handle (Figure
14). A push-button multipositional post may be used so that the child can
be fit with one post for various activities.

Figure 14

Clinical photograph of a child using a larger-sized
opposition post that fits the handle of a scooter.

Some parents or children will want to pursue prosthetic fitting despite
the fact that the prosthesis will likely be longer than the contralateral limb.
Before proceeding with a fitting, it may be helpful to demonstrate the
expected overall length to parents using a drawing of the limb with the
additional space required for wrist units and a terminal device. The parents
can then make an informed choice to continue with the fitting or to explore
other options and adaptations.
If a myoelectric prosthesis is chosen, site selection and training will
follow the same process as described in the transradial section of this
chapter.

Bilateral Upper Limb Deficiency
The team approach is crucial in the care of a child with bilateral or
multiple limb loss. The therapist, prosthetist, and team can provide
assistance with home activities, instructions, adaptive equipment, and
psychosocial support. A child with high-level congenital limb loss may not
reach developmental milestones within the typical time frames. He or she
may need additional time to acquire gross and fine motor skills and will
perform tasks in an adapted manner. The child should be encouraged to
move and use all available limbs during play. Parents should be reminded
not to overdress the child because there is less skin surface area for heat
dissipation. Excessive clothing also restricts the child’s movements,
making it difficult to achieve motor skills. Ample range of motion and
flexibility in the trunk and remaining lower limbs will be helpful to
complete tasks and activities.

Figure 15

Clinical photograph of a child with a bilateral
upper limb deficiency using a shoulder disarticulation
prosthesis with a hook for self-feeding.

For a child with high-level bilateral upper limb loss, prostheses may
assist with eating, writing, and limited dressing and hygiene; however,

prostheses cannot provide complete independence. The child will need to
rely on modified body movements, adaptive equipment, mouth use, and
foot use for many self-care tasks. The development of foot skills will occur
naturally if the child is given the opportunity to use his or her feet.
Providing age-appropriate fine motor activities will enhance the dexterity
and use of the child’s toes. The feet provide sensory feedback and
precision that prostheses do not provide. Most children prefer to use foot
skills over using their prosthesis/prostheses (Figures 15 and 16).

Figure 16

Clinical photograph of the child in Figure 15 using
his foot for self-feeding.

For a child missing both arms with residual arm lengths that can touch
each other, the child will likely become accustomed to using a bimanual
pattern to perform daily tasks. The child is able to feel the objects in his or
her residual arms and can manipulate the objects to incorporate them into
activities, including self-feeding with a fork or spoon, teeth brushing,
grooming, hygiene, and writing (Figure 17). If the child chooses not to use
prostheses, he or she will use compensatory techniques and may require
adaptive equipment to complete some tasks.

Prosthetic Considerations

If a family decides to pursue fitting for their child with one or two
prostheses, early fitting is preferable to establish a consistent wearing
pattern. Often, early fitting is not possible because of the child’s delays in
attaining motor skills and family concerns. For children with bilateral
upper limb loss, there is not a formula or standard method of fitting
because each case is different and often complex. In some instances, it is
beneficial to fit the child with one prosthesis initially to evaluate how he or
she adapts before considering fitting both arms. It may be beneficial to fit
the nondominant side if there is some functional use of the dominant side
(Figure 18). Alternatively, it may be beneficial to fit the side with more
length and range of motion to better incorporate the prosthesis into specific
tasks or activities. Many factors must be taken into consideration by the
team during the prosthetic prescription phase. It is extremely important
that the prosthesis or prostheses do not interfere with the child’s
development. The prostheses should be made as lightweight as possible by
using endoskeletal prosthetic components. Terminal devices should be
carefully chosen because the prosthesis will be used for dominant-hand
tasks. It is important to establish a consistent wearing pattern; however, it
should be expected that the prosthesis will not be worn full time.

Figure 17

Clinical photograph of a child demonstrates
bimanual use of residual limbs.

Passive Prosthetic Fitting
For a child with bilateral transradial limb deficiencies, he or she can be fit
with a prosthesis when good sitting balance has been achieved. The team
and family can decide if one or two prostheses are beneficial for the child
because the child will likely use the prostheses to support body weight and
perform simple tasks. For a child with bilateral transhumeral loss or
amelia, the child is more likely to be fit when he or she is safely walking.
Children with bilateral amelia or those with very short transhumeral limb
deficiencies may need to wear a helmet for protection when learning to
walk because of the inability to protect themselves from falls.
The child with amelia at the shoulder level can be fit with one
prosthesis initially. Typically, the single prosthesis will be fit on the side
opposite of the child’s dominant foot so that the dominant foot may assist
with positioning of the prosthesis. This prosthesis will not be used to
support body weight for activities such as crawling.

Bilateral Transradial Body-Powered Prostheses
The criteria for readiness for fitting with an activated prosthesis is the
same as the readiness criteria for a unilateral fitting.
Initial control training for bilateral transradial cable-activated
prostheses begins with the OT assisting as one prosthesis is moved into
humeral flexion to demonstrate how the terminal device opens and then
placing an object into the terminal device. This training continues until the
child initiates the control motion and the OT assists the child in closing the
terminal device. When the child is at a table, he or she can learn to push
objects with the opposite limb or with the second prosthesis (if both sides
are fit) into the open terminal device. The child needs to learn to time the
closure of the terminal device with the grasping of the object. The child
will continue to practice until the control motion is refined. He or she is
then taught the second control motion, biscapular abduction to open the
terminal device near the midline of the body. More advanced skills include
learning how to preposition the terminal devices adequately, eliminating
cross-control, refining the size of the opening and closing of the terminal
device, and repositioning an object in the terminal device by using one
hook to position the other hook (Figure 19).

Figure 18

Clinical photograph of a child with bilateral limb
deficiencies using his dominant limb to position an object in the
terminal device of his prosthesis.

Bilateral Transhumeral Body-Powered Prostheses
The length of the residual transhumeral limb, shoulder range of motion,
and strength all must be adequate for the child to successfully operate
transhumeral prostheses. A child with short residual limb length and
weakness typically has difficulty lifting the weight of the prostheses to
place the terminal device in the best position for function and gains little
from the prostheses.

Figure 19

Clinical photograph of a bilateral upper limb
amputee using one hook to position a utensil in the second
hook.

Initial prosthetic control training should begin with a single-control
cable system and a pull tab to operate the elbow. The single-control cable
system requires less force to open the terminal device when the forearm is
at 90° of flexion. Children between the ages of 2 and 3 years typically do
not have the range of motion, strength, or understanding to operate a dualcontrol cable system. The training on how to open and close the terminal
device is the same as that given for a transradial prosthesis. An adult
assists with prepositioning the forearm with the pull tab to operate the
elbow.
When the child has mastered opening and closing the terminal device,
he or she will next be taught how to preposition the terminal devices,
preposition the turntable on a positive locking elbow (if one is used),
eliminate cross-control (if possible), transfer an object from one terminal
device to the other, and refine the size of the opening of the terminal
device.

Bilateral Amelia at the Shoulder Level
If a child with bilateral amelia at the shoulder level is fitted, the child will

likely only be fitted on one side. The child may progress to bilateral fitting;
however, this is not recommended because of the excessive weight,
discomfort, decreased mobility, and lack of functional use of the
prostheses. The child is more likely to be fitted with bilateral cosmetic
prostheses rather than bilateral functional prostheses.
The child with bilateral amelia is more likely to be fitted with electric
components for an active prosthesis. The push-button switch control will
be placed at the top part of the shoulder disarticulation socket. The child
will use shoulder elevation to activate the button to open the terminal
device. When the child relaxes the shoulder away from the button, the
terminal device will close.
The OT assists the child in learning the control motion and places
objects in the terminal device. The OT or other adults may need to assist
the child to preposition the shoulder, elbow, and wrist. The child may
incorporate the prosthesis into play, learning how to grasp and release
objects from a table, carry lightweight objects, scribble, color with
markers, or eat with a swivel spoon secured inside the terminal device.
A shoulder disarticulation prosthesis for children is typically limited to
use in tabletop activities. The goals of functional prosthetic training should
include eating, printing, writing, typing, and carrying objects. These
children may need adaptations to the environment and may use adaptive
equipment, foot skills, and compensatory techniques to complete most
activities of daily living.14

Acquired Upper Limb Deficiency
In children with an acquired amputation, the OT interventions and
strategies used will vary based on the child’s age and the amputation level.
Considerations for acquired amputations will be very similar to
amputations in adults. After surgery, areas to address include wound
management, edema control, desensitization, range-of-motion exercises,
and maximizing independence in ADLs. Depending on when the OT
becomes involved in the care of the child, some of these areas may have
been addressed. The child will likely be seen by therapists in an acute care
setting before being referred to a prosthetic center.
When the child is first seen in the prosthetic clinic, the acute care
instructions should be reviewed. The OT should review desensitization
techniques and procedures for mobilization of scar tissue, address phantom

sensation or phantom pain, and review range-of-motion exercises for all of
the joints of the upper limb (not just the closest joint to the amputation).
For example, in a child with a transradial amputation, shoulder range of
motion is as important as elbow range of motion. The limb should be
wrapped with a self-adhering elastic bandage until edema is controlled. If
the bandage is not being applied evenly or consistently at home, a silicone
liner can be used instead. The silicone liner also can be helpful in keeping
scar tissue supple and for shaping the limb in preparation for prosthetic
fitting.
When the wound has healed and edema is resolved, a prosthesis can be
considered. The prosthetic options for a child with an acquired amputation
are the same as previously discussed for congenital limb deficiencies. If
the child is older, he or she may prefer to have an active-grasping
prosthesis as the first primary device because all of the child’s experience
before the amputation was accomplished with two-handed performance of
tasks. Replacing the grasp on the amputated side will be viewed as
necessary to continue to do things in the accustomed manner. If the child is
younger, the grasping patterns may not have been as well established and
the perception of need for a prosthesis may not be the same.
For a child with a very short residual limb or with sensitive areas on
the residual limb, an active-grasping prosthesis may not be immediately
tolerated. The weight of an externally powered prosthesis may cause too
much stress on the short residual limb. Also, the forces transferred to the
residual limb when using a body-powered or externally powered prosthesis
to lift or carry objects may not be tolerated. For these children, a passive or
cosmetic prosthesis may be a better initial option, or they may prefer not to
wear a prosthesis.
Time should be allocated to address concerns about performing ADLs.
For the older child who was previously independent in self-care activities,
adaptations should be considered to allow the child to regain
independence, even before a prosthesis has been fabricated. This may
mean adding zipper pulls to coats to allow the child to use the residual
limb to pull up a zipper, using elastic shoelaces or teaching one-handed
methods to tie a shoe, and addressing grooming concerns. For the child
who has lost the dominant hand, strategies for changing hand dominance
for writing, eating, and other daily tasks should be addressed.

OT Intervention When a Prosthesis Is Not Worn
There are many reasons why an individual will choose to wear or not to
wear a prosthesis, and there are studies demonstrating that children will
function well whether they wear a prosthesis or not.4,19-24 However, it is
important to continue to discuss prosthetic options and new technologies
and components as they become available so that families can make
informed decisions for the best care of their children.
For children who decline prosthesis wear, regular monitoring by the
team remains necessary because the needs of the child and family may
change over time. The factors that affect the decision of whether to try a
prosthesis may change. In some instances, family issues or other medical
concerns make prosthetic fitting a lesser priority, or the functional benefits
are not perceived by parents to be sufficient to warrant fitting at an early
age. The personality of the child may be a factor. In a rambunctious
toddler who is already having problems with general behavioral
management, the parents may find prosthesis fitting and training an
unrealistic expectation.
Although the child may function well in performing daily tasks without
a prosthesis, the OT should determine how tasks are accomplished so that
bad habits, such as poor posture and overusing other body parts (especially
teeth for opening packages), can be addressed early to prevent long-term
problems. Modifications may be beneficial to allow the child to be
independent in dressing. For example, pulling up pants may be easier to
accomplish if a loop is sewn into the pants on the side of the short arm.
Zippers on jackets may be easier to fasten with a zipper pull that fits the
residual limb. The child can be taught to tie shoelaces with one hand, or
shoes can be adapted with elastic laces or fabric hook-and-loop closures.

Figure 20

Photograph showing an example of adaptive
equipment. A special socket is mounted on the handlebar of a
bicycle so that the residual limb can fit into the socket to
provide better steering control.

The OT can help anticipate functional issues and find solutions for
performing daily activities. Often, learning to ride a bicycle is a concern
because the child must be able to securely grip the handlebars. In this case,
a special socket can be made to mount on the bicycle so that the residual
limb can fit into the socket to provide better steering control (Figure 20).
Starting school may be another concern for parents, especially
concerns about using playground equipment and meeting requirements for
music or gym classes. It is important for the OT to maintain open
communication with the parents and to be available as a resource to the
parents and school and/or daycare as functional issues arise. For example,
swinging on monkey bars is very difficult when using a prosthesis because
maintaining suspension of the prosthesis is usually a concern when it is
supporting the child’s body weight. A modified strap or metal hook can be
attached to the residual limb for use on monkey bars; however, this
solution is often unsuccessful (Figure 21). If the child wants to play a
musical instrument, a strap may be devised to aid in supporting the
instrument. Holding a skipping rope may require the rope to be tied around
the residual limb, or the handle of the rope can be modified with a fabric
hook-and-loop fastener or elastic strap. In some instances, children need to
attempt a desired task before they realize it is not practical or realistic.

Figure 21

Clinical photograph of two children with unilateral
prostheses with custom adaptations for use on playground
equipment.

Summary
The care of children with upper limb differences has a variety of
considerations. The OT and prosthetist provide the family with the
education and knowledge to make appropriate prosthetic fitting decisions
for their child. There is no single plan of care for every child with an upper
limb difference, and there may be trials and errors before the ideal plan is
realized. The plan of care is dynamic and should adapt as the child
progresses through different stages of development. There may be stages
of wearing and not wearing of a prosthesis throughout childhood. The OT
should be available to assist with changes in the child’s functional ability.
The OT will assist with learning to use a prosthesis and incorporating it
into ADLs if that is the choice of the child and family. The OT also helps
to ensure that the child is able to independently complete ADLs and
IADLs that are important to the family, whether or not the child wears a

prosthesis.
Because each child is unique, the care for children with upper limb
differences is best provided by a unified team of specialists in an upper
limb clinic where the needs and goals of the child and the family are the
central part of the treatment plan.
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Chapter 67

Pediatric Physical Therapy
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Abstract
Children with congenital and acquired limb deficiencies receive the best care
when a multidisciplinary team specializing in pediatrics evaluates the child,
provides appropriate interventions, and recognizes the challenges in working
with this patient population. Using knowledge of growth, motor development,
and orthopaedics, pediatric physical therapists play an integral role in the
team treating children with limb loss. The physical therapist often serves as a
liaison between the family and other team members and promotes familycentered care that focuses on the child’s function and participation in the
home and the community.
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Introduction
The World Health Organization recognizes that children experience rapid
growth and substantial changes in physical, social, and psychological
development during their first 2 decades of life and that a child’s
development depends on and is influenced by factors in the child’s
environment as well as the wishes, beliefs, and actions of parents and
caregivers.1 In addition, children experience the intensity and effects of
disability and health-related conditions differently from adults.1 The
Children and Youth Version of the World Health Organization’s
International Classification of Functioning, Disability and Health (ICFCY) uses terminology that classifies these challenges and problems in the

following areas: body structures and function, activity limitations, and
participation. Healthcare providers use the ICF-CY framework and
terminology to document and measure health-related issues and design
interventions for their young patients that include both the child and his or
her family.
Within this construct, surgeons, orthotists, prosthetists, and therapists
are very aware of and comfortable with identifying, measuring, and
treating impairments of body structure and function, such as limb
differences, the physiologic effects of trauma and disease, limitations to
joint range of motion, vital signs, and pain. Although such limitations of
body structures and function need to be addressed, these are best
accomplished with goals that consider and optimize a child’s function and
engage the child within his or her family, school, and community
environments. The ultimate goal of pediatric rehabilitation is for children
to participate in activities with their families and within their schools and
communities.
During the past 10 years, children with limb deficiency or loss have
reaped the benefits associated with the increased societal awareness of
adults with limb loss and the subsequent technological advances of
prosthetic components. An unfortunate benefit of war has been the
increased number of wounded soldiers who are seeking rehabilitation and
prostheses that enable them to resume function beyond what was
previously imagined. Similarly, children with amputations and limb
differences continue to challenge their capabilities by participating in
camps, events, and activities designed specifically to meet their needs.
Manufacturers have assisted in meeting these demands by developing
various pediatric prosthetic components, such as running feet for
children2,3 and adaptive feet for rock wall climbing and cycling.4 In
addition, developments in pediatric suspension systems now allow
children to wear prostheses without the need for suspension belts.
However, a persistent major gap remains in the development of pediatric
prosthetic knee technology that will keep up with the ever-growing
demands and wear and tear placed on prosthetic components during a
child’s everyday activities and play.
By providing surgical options besides amputation, advances in surgical
reconstruction and limb salvage techniques continue to influence the
decisions of families of children in whom bone tumors are diagnosed.5
Even children diagnosed with congenital longitudinal deficiencies of the

femur, tibia, and fibula are benefiting from these surgical innovations.
Physical therapists and prosthetists should be aware of these advances to
fully understand the options available to each family as they make difficult
decisions for their patients.
In pediatric patients with acquired limb loss, the physical therapist’s
role is well defined. The primary goal is to restore both children and
adolescents to the function they possessed before the trauma or surgery
that precipitated the amputation. This restoration is initially done through
wound care, edema control, shaping of the residual limb, preserving range
of motion, and strengthening and functional exercises.
For children with congenital limb loss, the physical therapy goals and
management strategies are different. These children naturally develop
abilities to perform age-appropriate activities by incorporating the
impaired limbs into their movement stratgies.6 Because children with
congenital limb loss do not know any differently, learning to move with a
deficient limb is “normal” for them as they automatically integrate their
affected limbs into their motor, sensory, and cognitive development.
Regardless of the type of deficiency, the size, shape, strength, and
flexibility of the deficient limb provides both sensory and motor input that
guides the child’s motor development. Even infants and toddlers with
moderate to severe lower limb deformities will attempt to pull to stand and
cruise if they have intact neurologic development. Accordingly, the
physical therapist needs to be knowledgeable in all areas of gross motor,
fine motor, and cognitive development and be able to anticipate the
limitations that may be caused by a limb deficiency.7 The physical
therapist also should be aware of current pediatric prosthetic technologies
and surgical options available for the different classifications of limb
deficiencies.
In children with congenital limb deficiencies, the physical therapist
often acts as an advocate, teacher, and mentor to the child and his or her
family, anticipating immediate and future functional challenges. In centers
specializing in pediatric limb deficiencies, the physical therapist frequently
acts as a liaison between the family and other team members, empowering
the parents to be the primary providers of care and promoting familycentered care.
Home programs are generally necessary for optimal surgical and/or
prosthetic outcomes and to enable the parents and family to assist in the
care of a child who is limb deficient. Many factors determine the education

provided to parents and the frequency of physical therapy visits, including
the degree of the child’s limb deficiency as well as the child’s age,
flexibility, strength, associated medical and/or neurologic impairments,
and developmental achievements. The distance the family lives from the
center and their ability to actively participate in a home program will
further influence the amount of clinical interaction. Videotaping therapy
sessions is an excellent teaching tool for both parents and any communitybased physical therapists involved in the treatment of a child. Digital
photography makes it easier to personalize therapy sessions, communicate
with the community-based therapist, and document progress.
Commercially available exercise manuals adapted for infants and children
with limb deficiencies can provide excellent resources for home therapy
programs.8,9

Postoperative Considerations
Postoperative swelling is common in children with both acquired and
elective amputations. Edema control begins with postoperative dressings
and continues with elastic bandage wraps and shrinkers after the wound is
adequately healed. Properly applied dressings may control postoperative
edema and facilitate prosthetic fitting.6,7 The type of postoperative
dressing is determined by the surgeon based on the age and activity level
of the child, parent preference, and the distance of the child’s residence
from the treatment center.
Soft postoperative dressings may work well for young children, but for
infants and toddlers undergoing amputations, many centers prefer to use a
rigid dressing, which provides a greater degree of protection. The goals for
rigid dressings are to (1) protect the residual limb from additional trauma
because infants and toddlers resume activity very quickly after surgery, (2)
maintain bony alignment after revision procedures, (3) reduce edema, (4)
shape the residual limb, and (5) keep the dressing intact during the
postoperative period as swelling decreases.6,7 The cast is usually changed
within 2 weeks and may be followed by another cast or soft dressing with
an elastic bandage wrapping.
Soft dressings can be used in older children but need to be reinforced
and reapplied frequently as the child’s activity level increases. Elastic
wrapping over a soft dressing may assist in early edema management.
After the wound is healed, edema control remains important. The

principles for elastic wrapping in infants and children with an amputation
are approximately the same as those for adults with an amputation.10
Differences include the size of the elastic bandages, the use of tape strips
to secure the shape of the elastic bandage as it is being wrapped, and
extending the wrap around proximal structures to provide greater
stabilization for security because of the child’s increased activity during
the postoperative period (Figure 1). Because most children are too small
for commercially available over-the-counter prosthetic shrinkers, customsewn shrinker socks may be made from soft elastic tubular stocking of
various sizes. Applying a commercially available one-ply prosthetic sock
over the wrap as an additional barrier also is beneficial to prevent a child
from unwrapping the bandages or scratching at the incision site. Infants
and young children placed in soft dressings after surgery may tolerate
leggings and spandex bicycle-style shorts that are modified to be worn
over the residual limb. These products provide additional control of the
wrap and protection for the residual limb. Detailed written instructions on
the techniques of applying elastic wrappings should be provided to both
parents and caregivers.

Figure 1

Clinical photograph of elastic wrapping of the
residual limb of an 8-year-old child with a short transfemoral
amputation after revision for femoral overgrowth. The elastic
bandage is wrapped around the waist for stabilization and high
on the adductor area to control edema proximally.

Children undergoing rotationplasty as treatment of trauma, tumors, or
congenital anomalies require a unique wrapping technique to control
edema and shape the limb proximally (Figure 2). Typically, substantial

swelling occurs in the foot, ankle, and calf areas as well as above and
below the surgical incision. The foot is wrapped, incorporating the toes
and ankle separately as is done for an acute ankle sprain.11 The wrapping
continues up the limb in a figure-of-8 configuration, extending beyond the
surgical site proximally and, if possible, around the waist to secure the
wrapping. Control of proximal swelling that typically occurs after a
rotationplasty is managed by using custom-sewn tights from elastic tubular
stockings, compression shorts, and, even, support stockings. The amount
of compression should allow an adequate degree of wound healing and
should take into consideration the child’s tolerance to pressure.

Physical Therapy Treatments
Range-of-motion, strengthening, gait training, and functional activities
depend on a child’s age, medical and neurologic condition, motivation,
and interests as well as the family’s ability to assist in the child’s care. The
following factors should be considered when developing therapy goals and
home programs: (1) Every child is unique and develops at his or her own
rate; (2) a child with multiple limb loss has special needs, and treatment
interventions must be prioritized; (3) the environment needs to be adapted
to the child for maximal function; (4) the child with a limb deficiency may
have associated medical, neurologic, or orthopaedic impairments that will
influence function and intervention; and (5) surgical amputations and
revisions may take place at different developmental ages, so treatment
should be centered on age-appropriate functions.5,7,12 General
expectations and limitations associated with common congenital lower
limb deficiencies are listed in Table 1.

Figure 2

Clinical photographs of elastic bandage wrapping
techniques for a 12-year-old boy after rotationplasty. A, The

foot and ankle are wrapped, including the toes. B, The elastic
bandage extends up the limb in a figure-of-8 pattern and
includes the proximal thigh. An additional elastic bandage is
necessary to continue around the waist for stabilization of the
wrap and for edema control proximally.

Early intervention is recommended to provide optimal outcomes and
prevent the development of secondary disabilities. Family-centered
services provide for maximal intervention.9 Exercise programs should be
created with the parents’ input and consistent with their ability to perform
the recommended interventions. Goals should be age appropriate,
functionally based, and within the limits of the degree of the limb
deficiency. With positive parental input, the child is likely to become a
successful prosthesis wearer.6,13

Infants (Birth to <12 Months)
When a child is born with a limb deficiency, where available, a referral
should be made to a limb deficiency center that specializes in the
management of congenital limb differences.12-15 At the center, the family
meets with the physician and other team members to identify the infant’s
strengths and briefly outline possible future surgical, prosthetic, and
therapeutic strategies that address the infant’s physical impairments.
Intervention should focus on assisting the infant to achieve motor and
cognitive milestones in the context of his or her physical limitations.7
Families often come to their first clinic visit with a multitude of
questions and fears about their child’s deficiency. This information is often
gathered from many sources, including well-meaning family and friends
plus the Internet and social media. It is common to encounter parents and
extended family members who have engaged in conversations on the
Internet with other families, each having varying opinions about their
infant’s care. The physical therapist can help and, if needed, correct the
family’s understanding of their child’s condition by using dolls with
differing levels of amputations, samples of prostheses (similar to the
child’s first prosthesis), videos, and photographs of children wearing
prostheses. All are useful teaching tools for parents and can ease their
anxiety and fears concerning the surgical, prosthetic, and therapeutic
management of their child. The bond between the physical therapist and
the family begins at this point.

Table 1 Lower Limb Functional Outcomes and Special
Considerations in Children With Lower Limb Deficienciesa

Introducing the family to other families with children who have similar
impairments is one of the most powerful interventions.6,7,13 The effects of
family networking are lasting and help ease parental fears and concerns for
their child’s future. However, the therapist needs to monitor the amount of
information given to parents because not every parent is ready for all the
available information at the first visit. Too much initial information
increases parental anxiety and fosters fears for the child’s future because it
focuses on disabilities rather than abilities.
An infant with a congenital limb deficiency will benefit greatly from

early intervention. According to the American Physical Therapy
Association, early intervention is based on six important principles: (1)
The rapid growth and development in the first years of life provide the
foundation for later development; (2) infants can actively interact, form
attachments, and are capable of learning; (3) parents are the main
providers of care and early learning experiences; (4) parents of children
with special needs may require assistance or instruction in caring for their
children; (5) the interaction between the biologic insult and environmental
factors influences the developmental outcome; and (6) structured
programming may improve the abilities of infants and young children.16
Intervention should begin by evaluating the infant’s gross and fine
motor development to establish baseline records range of motion, strength,
neurologic function, and movement patterns. In addition, the infant’s
ongoing motor development should be monitored regularly as he or she
grows and learns to roll, sit, pull to stand, and walk.12,17 These
assessments should include any changes to range of motion, functional
strength, weight bearing, and symmetry of both posture and movement.
Among infants with congenital limb deficiencies, asymmetry of
movement is common. When asymmetry is present, parents and caregivers
can be taught exercises for positioning, handling, and play so that they
foster symmetric movements as the infant develops. Parents are
encouraged to move their infants to both sides and not be afraid of further
deformity or injury to the involved limb. They are taught to help the infant
roll and transition into and out of sitting, kneeling, and standing equally to
both sides. Symmetry and balance of movements during early motor
activities are precursors to weight shifting in standing, cruising, and
walking.6,7,12,17
In infants with congenital limb deficiencies or acquired limb
amputations, range-of-motion exercises are designed to minimize the
development of contractures and prepare the limb for future prosthetic
fitting and function. With certain levels of limb deficiency, characteristic
contractures and deformities are present. For example, longitudinal
deficiencies of the tibia and the fibula are commonly associated with
anomalies of the foot and the ankle. These deficiencies affect prosthetic
and orthotic management and hinder gross motor development. Foot
contractures, for example, may rule out the future option of a
rotationplasty in an infant with a proximal femoral focal deficiency
(PFFD), also known as a longitudinal deficiency of the femur, partial,18 or

affect the results of future limb lengthening in those with longitudinal
deficiency of the fibula.
Similarly, hip flexion, abduction, and external rotation contractures are
anticipated in infants with PFFD and those with short transfemoral limb
loss.6,12,13 Instruction should be provided regarding both positioning and
range-of-motion exercises. Early prosthetic fittings should be considered if
the loss is unilateral. Parents and caregivers can be taught how to maintain
mobility at the hips, knees, and ankles during simple caregiving activities
such as diapering, picking up the infant, dressing, feeding, and
play.6,7,13,19
Parents should be instructed in range-of-motion and positioning
exercises.6,7,12,17 Hip and knee flexion contractures are common in
infants who are born with short residual limb segments of the femur and
the tibia, respectively, resulting from constrictive amniotic bands or from
sustaining a traumatic amputation.6,7,12,17 Prosthetic fittings have been
used to manage knee flexion tightness in an infant as young as 6 months
who was born with a very short unilateral transtibial amputation.6,7
Prosthetic fitting is recommended after the infant begins to pull to
stand, typically at approximately age 8 to 12 months.13,14,19,20 During this
period, infants with longitudinal tibial and fibular deficiencies often have
undergone elective amputations and are ready for the initiation of
prosthetic fittings. Postoperative wound care, edema control, limb
protection, and range-of-motion exercises constitute the important physical
therapy considerations at this stage. The benefits of early fittings are
threefold: (1) Flexion contractures are minimized; (2) symmetric weight
bearing may be achieved for early, age-appropriate crawling, kneeling, and
standing activities; and (3) the infant receives early sensory and
proprioceptive feedback that truly prepares him or her for more functional
prosthetic fittings at later developmental stages. An added benefit is that
parents are involved early in the management of their child’s care.6,7 To
maximize the benefits of a more anatomic prosthesis as the infant grows, it
is recommended that the infant who would benefit from early prosthetic
fitting have regular physical therapy to work on transitions and activities
that are preparatory for crawling, standing, and walking.
Matching an infant’s function with available prosthetic components
allows the infant to parallel normal development. Infants with knee
disarticulation and transfemoral amputation levels have demonstrated the
ability to control a prosthetic knee and incorporate knee functions in early

developmental activities, such as creeping and crawling, pulling to stand,
half kneeling, and tall kneeling play21-25 (Figure 3). Even infants with
PFFD have demonstrated the ability to control prosthetic knee function in
an unconventional prosthetic fitting with a short prosthetic tibial section
using a hinged knee or an internal knee, depending on the length of the
limb segments21-23 (Figure 4). Prosthetic alignment should consider the
developmental activities of the infant and may need to be modified
frequently as the infant develops and motor skills mature. The physical
therapist and the prosthetist should work closely together to address
alignment issues for the infant.

Figure 3

Clinical photograph of a 16-month-old child with
congenital bilateral longitudinal deficiencies playing in a
kneeling position. Knee disarticulations were performed at age
9 months, with prosthetic fitting at age 11 months. This child
crawls, pulls to stand, cruises, and pushes a walker. The
prostheses are not finished cosmetically because of the need
for frequent alignment changes as the child develops.

Infants born with multiple limb deficiencies with or without neurologic

and medical involvement will require frequent therapeutic interventions
and may take longer to acquire motor skills. Intervention should begin as
soon as possible, focusing on all developmental parameters. Where
available, referral to early intervention services is highly recommended as
well as monthly monitoring by the limb deficiency team to update home
programs and record changes in development, range of motion, and
strength.6,7,13,16

Toddlers (12 to <36 Months)
By the first year, the toddler should be pulling to stand and, if appropriate,
wearing a definitive prosthesis. Surgical intervention may be necessary at
this age to correct deformities or perform a primary elective amputation.
When surgeries are performed, postoperative management remains
imperative for optimal prosthetic fit and function. When the toddler is
ready for prosthetic fitting, instructions are given for donning and doffing,
skin care, and wearing of the prosthesis. It is common for infants and
young children with knee disarticulations and transtibial amputations to
reject their prostheses. Initially, the prosthesis interferes with mobility and
hinders overall movements, such that toddlers are more mobile in crawling
and creeping activities without it. It is not until the toddler spends more
time in standing and cruising activities that the prosthesis is readily
accepted. The use of articulating knees in infants and toddlers has
decreased some of these frustrations, allowing more normal gross motor
functions by providing freedom and symmetry in patterns of movement
through the actions offered by the prosthetic knee.26 Gait studies in which
toddlers are observed in developmental play situations document
prosthetic knee function during climbing up and sliding down a small
slide, squatting in play, transitioning up to stand, and playing on the
floor21-25 (Figure 5).

Figure 4

Clinical photograph of an 18-month-old child with a
proximal femoral focal deficiency (PFFD) fitted in a traditional
high proximal socket for containment of the hip because of the
PFFD. A knee unit is placed distally. Although there is a short
tibial segment, the knee is used appropriately in gait and all
functional developmental activities.

A therapy program for a toddler at the prewalking and early walking
stages should stress symmetry of posture and movement as well as control
of weight shifting over the prosthesis.12-17 Developmental screening and
assessment tools make excellent treatment guidelines and assist in forming
home programs.7-9,27-30 Exercises should be fun and incorporated into a
toddler’s everyday play. Push toys and walkers are adjuncts to treatment.
Most toddlers with single limb deficiencies do not require special assistive
devices, but adaptations may be necessary to assist in ambulation for those
with multiple limb loss.

Preschool and Young Childhood Years (36 Months to <6 Years)
As the child begins walking with the prosthesis, treatment again focuses on
age-appropriate activities. Activities such as marching to music, climbing
on small gym equipment, and riding a tricycle are excellent gross motor
activities. Home exercise programs still include range of motion to prevent
the progression of contractures.

The frequency of therapy visits at this stage will depend on the child’s
mastery of walking, the child’s age-appropriate function, and the family’s
ability to follow through with home exercise programs. The physical
therapist should monitor the child’s development during clinic or
prosthetic visits approximately every 4 to 6 months and make
recommendations for changes of prosthetic components that parallel the
child’s motor development.7,19 The prosthesis should be closely
monitored for appropriate fit and function as the child grows. Feet with
dynamic-response keels as well as feet that enable considerable
adaptability to uneven terrain in all planes continue to become available in
smaller and smaller sizes and may be indicated at this stage.31

Figure 5

Clinical photograph of a 2-year-old child with
congenital bilateral tibial deficiencies playing in a half-kneeling
position. Note the knee disarticulation level on the left side and
the Syme ankle disarticulation level on the right side. This child
was fitted with an articulating knee unit at age 11 months. He
was walking independently by age 15 months.

Physical therapy can take place at the child’s preschool or home and is
an effective means of educating the child’s teachers, classmates, and other
family members. Preschool staff will be less apprehensive about having a
child with special needs if they are well informed and taught strategies on
managing the prosthesis and adapting the environment as needed. Toilet
training is a major obstacle at this age for children with transfemoral or
knee disarticulation prostheses. Typically, belts are required for
suspension, making it difficult to pull pants up and down. Therapy can
address this issue as well as dressing at home and in school.
In addition, certain surgical interventions, such as a Van Nes
rotationplasty for the child with PFFD, can be introduced at this age. After
each surgical intervention, wound healing, edema control, pressure
wrapping, and range-of-motion and functional strengthening exercises are
implemented. The child may require additional physical therapy
postoperatively until independent function is restored.

Elementary Years (6 to 12 Years)
Initial amputations secondary to trauma or bone tumors commonly occur
from 6 to 12 months of age.5,6,19,20,32 In addition, children with
congenital limb deficiencies may undergo surgical revisions for
overgrowth or to correct developing deformities. At this stage, if available,
children with legacy limb amputations should receive technologically
advanced prosthetic components that may require additional gait training
and balance exercises.7,24,25
If possible, gait training should begin with the aid of parallel bars,
teaching the child how the prosthetic components work, such as bending
and straightening the prosthetic knee and learning how to sit, stand, and
squat. Multidirectional weight shifts and stepping patterns progressing to
walking on level surfaces with or without assistive devices should be
instructed.
At approximately 7 years of age, the child’s gait parallels that of an
adult.5,12,17 The child is able to participate actively in an exercise program
and is less dependent on his or her parents. After the child is walking and
the prosthesis is fitting well, outpatient physical therapy for this age group
is best performed in a community or sports orthopaedic setting, using a
developmental approach that motivates and challenges the child
appropriately; avoid a setting that is equipped for infants and younger
children. If possible, school visits by a therapist from a limb deficiency

center are a helpful way of acquainting the child’s teacher, school
therapists, and classmates with his or her new prosthesis. Again,
instruction and exercises should focus on age-appropriate activities, sports,
and recreation.
Rotationplasty
Rehabilitation of the child with a rotationplasty is both challenging and
rewarding. Children who have a rotationplasty from trauma or bone
tumors with no associated hip pathology have gait patterns similar to those
with transtibial function.33 Children receiving rotationplasty for the
treatment of PFFD have issues relating to hip and knee instability,
including physiologic derotation that may be addressed either surgically or
with prosthetic fitting.18,34 These issues influence the gait pattern of the
child. Regardless of the underlying etiology, range-of-motion and
strengthening exercises of the hip, ankle, foot, and toes are imperative.
Immediate postoperative management typically includes 6 to 8 weeks of
no weight bearing, with instruction in isometric, active, and active-assisted
hip, ankle, and foot range-of-motion exercises. Because the child attends
frequent physical therapy for postoperative care, the physical therapist may
be asked to monitor and assist the surgeon and family with wound care.7
As with the treatment of amputations and other reconstructive
surgeries, after the bone has advanced into the healing stage and the
surgeon gives clearance, then edema control; limb shaping; range-ofmotion exercises of the hip, foot, ankle, and toes; and isometric
strengthening of the hip and ankle are initiated. The child’s orthopaedic
surgeon should guide the progression of active and active-assisted
exercises, weight bearing, and overall activity, which requires ongoing
communication between the physical therapist and the surgeon. Open and
closed chain hip strengthening and weight-bearing exercises can be
initiated after the osteotomy site is healed. Healing is different in every
child, with delays in wound healing commonly observed in children
receiving chemotherapy for the treatment of bone cancer. Although both
flexibility and strength are imperative for optimal prosthetic knee function,
flexibility of the ankle, foot, and toes should precede strengthening. Ankle
range of motion that restricts prosthetic knee function will interfere with
proper gait and, in some children, cause pressure marks, skin breakdown,
pain, and foot and midfoot breakdown. In extreme situations, tearing of the
Achilles tendon has occurred. Similarly, tightness of the plantar fascia will

influence toe and foot function. Toes are excellent initiators of prosthetic
knee motion and act to stabilize the foot inside the socket. If the centers of
the anatomic ankle-foot complex and the prosthetic knee are not equal,
tightness is created inside the foot because of the inability to flex the
prosthetic knee.12
Ankle dorsiflexion of 0° to 30° is adequate for prosthetic knee
function. Optimal plantar flexion beyond 50° to 60° is desired.6,7,12,17,33
The greater the available plantar flexion, the more streamlined is the
relationship of the foot with the proximal segment, creating a larger
excursion of prosthetic knee motion. Strength of the hip, ankle, foot, and
toes leads to optimal prosthetic knee power after adequate range of motion
is achieved. Exercises are necessary to facilitate ankle movements at
speeds, excursions, and strengths common to knee function, using the
foot’s anatomy in an opposite orientation (Figure 6).
Limb Lengthening
Surgical management to address limb-length discrepancies of the femur,
the tibia, or the fibula is typically initiated during the elementary years if
the deficient limb is appropriate for lengthening. Limb equalization
procedures include lengthening the short limb, shortening the sound limb
through epiphysiodesis, surgically guided growth, bony resection, or a
combination of these methods. Such limb lengthening procedures can be
staged across several years, requiring extensive physical therapy and
guidance for the child and the family. Common goals for therapy include
maintaining range of motion in the joints above and below the external
fixator, strengthening the limb, encouraging weight bearing, increasing
endurance and overall conditioning, and restoring function and activity
level during application of the external fixator.6,35-39 These children
should be kept as active as possible, attending school and participating in
recreational activities as permitted.

Adolescence (13 to 17 Years)
Malignant bone tumors are most common in the first and second decades
of life.5,6 Children and their families are faced with surgical options for
limb salvage, amputation, or rotationplasty depending on the size, location,
and characteristics of the tumor as well as the activity and functional levels
of the child, taking into account cultural, psychological, and family
issues.7 Because physical therapists may play a role in educating the child

and the family about the functional outcomes of each surgical procedure
and the early and late effects of chemotherapy, therapists should be
knowledgeable about these challenges.
The child who undergoes a limb salvage procedure encounters
numerous physical challenges. Physical therapy goals include regaining
mobility and strength, progressive weight bearing, improving
cardiovascular endurance, pain management, scar mobility, and
independence in transfers.40 Age-appropriate activities, which include
activities of daily living, are incorporated in the exercise program. The
therapist must always remember, however, that the primary goal for a
child with a bone tumor is to survive the malignancy. The aggressive
nature of these tumors and the morbidity associated with their treatment
can substantially limit the goals of physical therapy. Each limb salvage
procedure is unique, and therapy must be performed under the close
direction of the orthopaedic surgeon.40
For a child who elects or requires an amputation for local control of a
tumor, an immediate postoperative prosthesis may be used if appropriate.
Postoperative physical therapy treatment includes edema control; wound
healing; and range-of-motion, strengthening, and balance exercises
necessary to prepare the child for prosthetic fit and function.
At this age range, preadolescents and adolescents with congenital limb
deficiencies may undergo surgical reconstructions and revisions to correct
deformities and overgrowth in limbs that are less functional. This is often
the child’s choice, based on potential improvements with regard to
function and cosmesis. When necessary, the ongoing management of
longitudinal deficiencies of the femur, the tibia, and the fibula may require
a continuation of the limb-lengthening processes described earlier.

Figure 6

Clinical photographs of a 15-year-old boy who
underwent a rotationplasty because of osteosarcoma using his
foot and ankle to power a prosthetic knee 12 weeks after
surgery. A, The foot in plantar flexion. B, The foot in
dorsiflexion. C and D, The same foot and ankle positions with
the boy wearing the prosthesis. The prosthesis is not
cosmetically finished because of the need for frequent
alignment changes to accommodate gains in plantar flexion
and range of motion.

Phantom limb sensation is common in adolescents with acquired
amputations resulting from trauma and tumors7,12,17,41 but is less frequent
in those with congenital limb deficiencies after reconstructions or elective
ablations. Phantom limb sensations typically do not interfere with
function. The treatment guidelines for phantom sensations in children are
similar to those for adults. Appropriate prosthetic fitting and weight
bearing may help decrease phantom limb sensations.41
Learning to drive a car is a very age-appropriate activity for
adolescents. The physical therapist should know of local resources to
assess the adolescent’s abilities and the need for adaptations and

modifications to the car. Accessibility issues are more apparent as the
adolescent prepares for college and independent living away from his or
her family. Universities and colleges typically have a department dedicated
to students with special needs and accessibility issues.42,43

Sports and Recreation
Children and adolescents of all ages with amputations or limb deficiencies
should be encouraged to participate in sports and recreational activities
with their peers. The psychological effects of sports participation should
be recognized.44 Improving self-esteem and confidence; gaining
independence; learning to compete, win, and lose; developing decisionmaking and problem-solving skills; and participating as a team member
are a few of the benefits that individuals carry throughout their lives as
they participate in recreational and competitive sport programs.
Improvement in physical fitness; the development of balance, strength,
coordination, and motor skills; increased endurance; and weight control
also are benefits of physical activity.6 Adaptive sports and recreational
programs have developed throughout the United States for individuals
with all types of physical impairments.

Figure 7

A, Photograph of an adaptive climbing program for
children with physical challenges. B, Photograph of a karate
class for children with limb deficiencies.

In the United States, laws have been enacted that require children and
adolescents to be educated in the least restrictive environment. The
Individuals with Disabilities Education Act, provides free and appropriate
education for children with disabilities.6,12,17 Physical therapy and
adaptive physical education in schools are included in this legislation. In
addition, special adaptations and sports prostheses are available, depending
on the degree and level of impairment. Advances in prosthetic technology
are assisting people with amputations to compete in major sporting events
on national and international levels.45-48 The Challenged Athletes
Foundation is an excellent resource for geographically located programs.49
The Orthotic and Prosthetic Activities Foundation provides financial and
technologic assistance to individuals with physical disabilities who require
orthotic and prosthetic services.50 Exposing children and adolescents to
these opportunities and referring them to local sports and recreational
programs is one of the most important roles of a therapist (Figure 7).

Multiple Limb Loss With and Without Neurologic
Impairments
Infants, children, and adolescents with congenital or acquired multiple
limb loss have special needs. They require more intensive and regular
therapeutic interventions.7,17,41,51 Typically, delays in development occur,
the severity of which often depends on the degree of limb loss and other
associated medical or neurologic impairments. Special mobility aids,
wheelchairs, and adaptations to the environment may be necessary.
Prioritization of surgical, prosthetic, and therapeutic interventions is
required to meet the goals of both the child and the family. It is important
not to overburden the child with multiple new prosthetic devices at the
same time.6,7
In infants, children, or adolescents with both neurologic involvement
and amputation, the neurologic impairment has a greater influence on
functional limitations than the amputation, whether acquired or congenital.
Examples of acquired limb loss with neurologic pathology include a
traumatic head injury with traumatic amputation, prematurity with
intravenous infiltrate causing ischemia leading to amputation,
meningococcemia causing brain and musculoskeletal insults, and

myelomeningocele (spina bifida) with amputation. Treatment should focus
on neurologic function as well as balance and stability associated with the
prosthesis. Typically, the prosthetic limb is the more sound and stable
limb. Strong communication and collaboration are necessary between the
family, the school, the community, and the limb deficiency team for
optimal outcomes.

Summary
Each infant, child, and adolescent is different and has expectations and
goals unique to his or her needs. Many factors influence the goals when
treating these patients. Age-appropriate functional activities that meet
patient and family goals should guide physical therapy interventions.
Treatments should be fun, meaningful, and coordinated with the child’s
family, schoolteachers, and community physical and occupational
therapists. Physical therapists who work with infants, children, and
adolescents are teachers, coaches, mentors, and advocates for the child and
the family.
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Chapter 68

Congenital Transverse and
Intersegmental Deficiencies
of the Upper Limb
Ee Ming Chew, MBBS Michelle A. James, MD

Abstract
Congenital transverse and intersegmental deficiencies of the upper limb are
considered malformations based on the Oberg, Manske, and Tonkin
classification. Although these deficiencies are morphologically easy to
recognize, they may represent proximal continuums of symbrachydactyly and
longitudinal deficiencies. Unilateral upper limb deficiencies are generally
not associated with other anomalies and do not require further evaluation.
Because bilateral upper limb deficiencies may be part of a known syndrome,
a genetic consultation and a systemic workup for other congenital problems
are warranted.
In carefully selected patients, hand function may be augmented with
reconstructive surgery, including web space deepening, arthrodesis,
nonvascularized toe phalanx transfers, distraction lengthening, and free
vascularized toe transfers. Revision amputation, such as removal of residual
hypoplastic fingers (nubbins), is rarely indicated. In the past, some surgeons
believed that the appearance of a traumatic amputation was preferable to the
appearance of a malformation and recommended revising a malformation so
that it appeared to be a traumatic amputation. Currently, this belief is not
widely accepted by surgeons, parents, or individuals with upper limb
differences. The limited benefits of these procedures must be weighed against
their risks, including donor defects. Prostheses may help with social
acceptance and may be useful as tools for specialized activities.

Keywords: intersegmental deficiency; prosthesis;
reconstruction surgery; transverse deficiency
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Introduction
Congenital transverse and intersegmental deficiencies are classified as
malformations under the extended version of the Oberg, Manske, and
Tonkin (OMT) classification scheme1,2 (Figure 1). These terms describe
failure of upper limb formation in the proximal-distal axis. Transverse
deficiencies are easily categorized according to the last remaining bone
segment. Proximal forearm (below-elbow) deficiencies are the most
common type, followed by transcarpal, distal forearm, and transhumeral
deficiencies.3,4 Intersegmental deficiency, also known as phocomelia, is
categorized according to the segment (total, proximal, or distal) that failed
to form.5

Clinical Features
The diagnosis of transverse deficiency is readily apparent, although
proximal forearm deficiencies exhibit variability in the length of the
residual forearm. The elbow generally has full flexion and extension.
Forearm rotation is frequently restricted by proximal radioulnar
abnormalities. The residual limb is usually well cushioned, with
rudimentary nubbins or dimpling often found at the distal end (Figure 2).
This condition is almost always unilateral, occurs sporadically, and is
rarely associated with other anomalies.3 Children with a proximal forearm
deficiency generally have normal cognition and developmental milestones,
except that a child with a very short arm may not crawl.
Kallemeier et al6 suggested that a transverse deficiency through the
forearm represents a proximal continuum of symbrachydactyly. In their
review of 291 patients with an upper limb transverse forearm deficiency,
most of the limbs had one or more features of symbrachydactyly, including
soft-tissue nubbins, skin invaginations, and hypoplasia of the proximal
radius and ulna.
Transverse deficiency may be confused with constriction band
syndrome (Figure 3). In the latter condition, children will have other

manifestations, including multiple bands involving other limbs,
acrosyndactyly, clubfoot, scoliosis, body wall defects, and cleft lip or cleft
palate.7
Intersegmental deficiency or phocomelia is characterized by a hand
that is attached directly to the thorax or humerus or with the forearm and
hand attached directly to the thorax (Figure 4). Other than the epidemic of
congenital malformations related to prenatal exposure to thalidomide
during the 1950s and occasional association with thrombocytopenia-absent
radius (TAR) syndrome, phocomelia remains exceedingly rare.

Figure 1

Listing showing the Oberg, Manske, and Tonkin
(OMT) classification of congenital hand and upper limb
anomalies. This classification was updated in January 2015.
(Reproduced with permission from the Oberg, Manske, Tonkin
(OMT) classification, 2015. International Federation of Societies
of Surgery of the Hand. Accessed Oct. 14, 2015. Available at
http://www.ifssh.info/2015_OMT_Classifiction_Congenital_Report.pdf.)

Figure 2

Photographs of patients with transverse deficiency
of the upper limb. A, A deficiency at the metacarpal level, with
residual nubbins. B, Dimpling is seen at the proximal forearm
level.

Figure 3

Photographs of the limbs of a child with constriction
band syndrome, which may be confused with a transverse
deficiency. This child has congenital amputation and
acrosyndactyly of the radial four digits of the right hand (A and
B) and banding of the left leg (C).

Figure 4

Photograph of the upper limb of a child with

phocomelia. The forearm and hand are attached directly to the
thorax.

It is difficult to account for a true intersegmental deficiency from the
perspective of developmental biology. Goldfarb et al8 suggested that
intersegmental deficiencies may represent forms of radial and ulnar
longitudinal deficiencies. The authors retrospectively reviewed 41 patients
(60 upper limbs) with a previous diagnosis of phocomelia. They concluded
that all the deficiencies could be categorized into the following three main
groups: proximal radial longitudinal deficiency (group 1), proximal ulnar
longitudinal deficiency (group 2), and severe combined dysplasia with
either absence of the forearm (group 3A) or absence of the forearm and
upper arm (group 3B). Systemic and additional musculoskeletal anomalies
were present in the study’s patients, suggesting that a complete workup is
warranted.

Management
General Workup
Because unilateral transverse deficiency is usually not associated with
other abnormalities, further specific workup of the patient is usually
unnecessary.9 However, bilateral deficiencies may be part of an identified
condition such as TAR syndrome or VACTERL (V = vertebral, A = anal,
C = cardiac, T = tracheal, E = esophageal, R = renal, L = limb) association.
It is important to diagnose TAR syndrome preoperatively because
thrombocytopenia may persist and platelet transfusions may be necessary
prior to surgery, even in later childhood. Consultation with a geneticist and
a systemic workup is indicated to exclude other congenital problems. A
special effort should be made to detect renal problems because the limbs
and kidneys share the same developmental stage from the fourth to the
eighth weeks of gestation, and both have a mesodermal origin.10

Figure 5

Dorsal (A) and palmar (B) photographic views of
the hand of a child with a transverse deficiency of the left hand
at the metacarpal level. The child was treated with a
nonvascularized free toe phalanx transfer for digital
reconstruction. C, Preoperative AP radiograph of the affected
hand. D, Postoperative AP radiograph of the hand with toe
phalanges held in place with Kirschner wires.

Surgical Options
Early Decisions
Parents occasionally request removal of the infant’s nubbins. Nubbins on
the ridge of the terminal residual limb are easily injured. Small nails are
difficult to trim, may grow abnormally, and can become irritated or
infected. In addition, nubbins may be objects of curiosity to other children
and may cause the child discomfort in social situations. Nubbin excision
also may smooth the contour of the residual limb. However, older children
rarely request removal of their nubbins. The nubbins provide sensory
feedback and may be used to manipulate small, light objects. Nubbins that
can provide volitional control and those that are large enough for later
augmentation with bone and soft tissue should not be removed.

Later Decisions
Digital reconstruction may be considered in children who have some
structures distal to the carpus. Nubbins that lack bony support and are
large enough to accept bone graft can be augmented with nonvascularized
free toe phalanx transfers11 (Figure 5). This technique offers a limited
means of increasing the length of digits, stabilizing soft-tissue nubbins,
and improving function.12 However, graft resorption, donor-site
morbidity, functional problems with footwear, and a high rate of emotional
problems with foot appearance must be balanced against the limited
gains.13,14

Figure 6

Photographs of a child with a transverse deficiency
of the ulnar four fingers (A) using an adaptive prosthesis for
playing a violin (B).

There is a very limited role for distraction lengthening in the
management of digital insufficiency.15 The desire for improved
appearance must be weighed against the high morbidity of this procedure
and the risk of functional loss. Lengthened digits that are thinner, stiffer,
and scarred do not provide better function. Lengthening against atrophic
distal soft tissue results in ulceration, which requires additional soft-tissue
coverage or shortening back to a comfortable level. There have been
isolated reports of forearm lengthening for transverse short transradial
deficiencies; however, this procedure has a high complication rate and has
not proved beneficial for functional improvement or prosthetic fitting.16,17
In appropriately selected children with transverse deficiency at the
metacarpal level, free vascularized toe-to-hand transfers may be beneficial.
The goal of this procedure is to provide a basic hand with two opposable

digits or a chuck pinch. Although this complex procedure is accompanied
by many potential difficulties, good functional results have been
reported.18,19 It must be recognized that transferred toes will still have the
appearance of toes, not fingers.
The Krukenberg procedure is rarely indicated. In this procedure, the
radius and ulna are separated and the muscles are reattached so that the
radius pinches against the ulna. This procedure is purported to be most
useful in blind individuals with bilateral distal forearm congenital
deficiency or traumatic loss because it provides unilateral prehension with
sensory feedback. Occasionally, it may be indicated for a sighted child
with a transradial deficiency and a long forearm.20 Although opinions
differ, one of the authors of this chapter (MAJ) believes that the
Krukenberg procedure is never indicated in a patient with a unilateral
deficiency. It has not been shown to improve function, and the appearance
of the forearm treated with the Krukenberg procedure is strikingly
abnormal.

Role of Prostheses
Children with unilateral forearm level transverse deficiency have few, if
any, functional deficits. Prostheses do not improve performance of daily
activities and are frequently abandoned.21,22 However, prostheses may
promote social acceptance by altering appearance. Specialized prostheses
may be useful as tools for participation in some sports and playing musical
instruments21 (Figure 6).

Summary
Congenital transverse and intersegmental deficiencies are easily
recognized. They may represent proximal continuums of
symbrachydactyly and longitudinal deficiencies. Because bilateral upper
limb deficiencies may be part of a syndrome, a complete systemic workup
for other congenital problems is warranted. Hand function may be
augmented by reconstructive surgery, but this management option must be
weighed against the attending donor-site morbidity. Prostheses may help
with social acceptance and be useful in accomplishing specialized
activities.
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Chapter 69

Congenital Longitudinal
Deficiencies of the Upper
Limb
Michelle A. James, MD Kathryn M. Peck, MD

Abstract
Radial and ulnar longitudinal deficiencies are the two most common
congenital longitudinal deficiencies of the upper limbs and are characterized
by a partially or completely absent radius or ulna, respectively. Radial
longitudinal deficiency often is associated with abnormalities of other organ
systems, including cardiac and renal systems, which can be potentially lethal
and require a comprehensive medical evaluation. Ulnar longitudinal
deficiency tends to be associated with other musculoskeletal abnormalities.
Treatment aims to improve function and appearance and is best provided in
a well-resourced setting in the context of a long-term relationship between
the child, his or her family, and the hand surgeon.

Keywords: humeral hypoplasia; radial hypoplasia; radial
longitudinal deficiency; thumb hypoplasia; ulnar longitudinal
deficiency; upper limb hypoplasia
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Introduction
Radial longitudinal deficiency (RLD) and ulnar longitudinal deficiency
(ULD) are the two most common congenital longitudinal deficiencies of
the upper limbs. These conditions historically were described as radial or
ulnar “clubhand,” but this term is no longer commonly used. The deficient

bone may be partially or completely absent. In the original International
Federation of Societies for Surgery of the Hand classification for
congenital hand malformations, these deficiencies were considered failures
of formation.1 This classification was modified in 2013 by Kerby Oberg,
Paul Manske, and Michael Tonkin and approved by the International
Federation of Societies for Surgery of the Hand.2 In this modification,
these deficiencies are classified as malformations of the upper limb
resulting from a failure of formation of the radial-ulnar (fetal
anteroposterior) axis2,3 (also known as preaxial [radius] or postaxial [ulna]
longitudinal deficiencies).

Radial Longitudinal Deficiency
Clinical Features
RLD is characterized by partial or total absence of the radius and a short,
bowed ulna that results in profound radial and palmar displacement of the
hand and the carpus. The ulna is approximately two-thirds of its normal
length. The humerus is often shorter than normal and, in rare cases, may be
absent.4 The elbow may be stiff, and the thumb may be absent or
hypoplastic. The index and middle fingers also may be stiff; the ring and
small fingers are usually flexible.
RLD often is bilateral and asymmetric. The wrist is unstable because
of a lack of radial carpal support, and grip is weak because this instability
is combined with finger stiffness. Children with RLD have difficulty
reaching away from the body because of radial deviation of the wrist and
bowing of the ulna. The severity of thumb deficiency is correlated with the
severity of radial deficiency.5 Children with manifestations of radial and
thumb deficiencies may have difficulty attaining independence with
activities of daily living, such as fastening buttons and performing
personal hygiene.

Etiology
Two recent Northern European population studies showed that the
incidence of RLD is 0.4 to 1.6 per 10,000 live births.6,7 Golbfarb et al8
found that 67% of children with RLD had an associated syndrome (Table
1) or a musculoskeletal condition. Scoliosis was the most common
associated musculoskeletal condition. Other limb anomalies include
humeral hypoplasia, radioulnar synostosis, radial head dislocation, and

stiff digits.9,10 The most common syndromes associated with RLD are
VACTERL (vertebral malformations, imperforate anus, cardiac defects,
tracheoesophageal fistula, renal abnormalities, and limb defects) and HoltOram syndrome; others that are less common but critical to diagnose
preoperatively are thrombocytopenia absent radius syndrome, DiamondBlackfan anemia (also known as congenital hypoplastic anemia), and
Fanconi syndrome (also known as Fanconi anemia).
Table 1 Most Common Syndromes Associated With Radial
Longitudinal Deficiency

Table 2 Modified Bayne Classification of Radial Longitudinal
Deficiency

VACTERL is a sporadic condition that includes anomalies of multiple
different systems: vertebra, anus, cardiac, trachea/esophagus, renal, and
limbs (including RLD).11,12 Holt-Oram syndrome is an autosomal
dominant condition that is characterized by cardiac septal defects as well
as RLD.7 Diamond-Blackfan anemia, Fanconi syndrome, and
thrombocytopenia absent radius syndrome are bone marrow failure
syndromes that may present as RLD. These conditions should be
diagnosed preoperatively and treated by a pediatric hematologist because
they are treatable and potentially lethal if not diagnosed and treated.13
Thalidomide, a teratogenic agent prescribed as a sedative in the late
1950s, resulted in various limb malformations, including RLD.14 Other

teratogens also may cause this malformation, depending on the timing of
maternal exposure.

Diagnostic Studies
Children with RLD should undergo a complete physical examination, a
thorough family history should be obtained, and a geneticist should be
consulted. Radiographs of the entire upper limb (humerus, elbow, forearm,
wrist, and hand—both sides) are essential to assess for associated
abnormalities and classify the condition. A spine radiograph should be
obtained to evaluate for congenital spine anomalies associated with
VACTERL.
A complete blood count (bone marrow failure syndromes), a cardiac
echocardiogram (VACTERL and Holt-Oram syndrome), a renal
ultrasound (VACTERL), and a chromosomal breakage test (Fanconi
syndrome) also are indicated.

Classification
Bayne and Klug15 classified RLD into four types based on the extent of
radial hypoplasia demonstrated on radiographs. James et al5 combined
Bayne and Klug’s classification with the modified Blauth classification for
thumb hypoplasia to create a modified version that included children with
carpal or thumb deficiencies in the presence of a normal radius15 (Tables
2 and 3).

Treatment
The treatment of RLD is based on improving function and appearance.
Functional impairments may be caused by thumb hypoplasia or absence,
wrist instability with radial deviation and palmar flexion of the hand in
relation to the forearm, and an overall shortened arm. Controversy still
exists concerning the best way to surgically address the radially deviated
wrist, although most pediatric hand surgeons agree that children fare better
with surgical rather than nonsurgical treatment. Kotwal et al16 reviewed
446 patients with RLD types 3 or 4 with a minimum follow-up of 5 years.
Three hundred nine patients were treated surgically, and 137 patients were
treated nonsurgically. Despite the high recurrence of deformity after
centralization, improvements in the surgically treated group included the
appearance and alignment of the wrist and hand, finger and wrist range of
motion, and grip strength (Figure 1).

In addition to correcting ulnar bowing, centralization and radialization
are two techniques for repositioning the hand onto the distal end of the
ulna. Centralization aligns the long finger metacarpal and the ulna;
radialization, as proposed by Buck-Gramcko,17 placed the hand in ulnar
deviation and aligned the index metacarpal with the ulna to diminish the
recurrence of radial deviation. This technique, however, is no longer
widely used. Both techniques are complicated by the recurrence of
deformity and growth retardation from damage to the distal ulnar physis.
In addition to aligning the hand, surgical stabilization requires
rebalancing of the tendon forces across the wrist. Stretching and splinting
have been used to lengthen the soft tissues along the radial side of the ulna.
Serial long arm, flexed-elbow casts can be used to stretch the radial and
palmar soft tissue, and splints can be used to maintain correction. Splints
can be applied to the radial side of the forearm to push or along the ulnar
side to pull the hand ulnarly. In addition to splinting, parents should be
taught how to stretch out a hand that exhibits radial deviation—a process
that should be done several times per day.
If stretching exercises and splinting are insufficient, distraction can
stretch the soft tissues to allow centralization. Goldfarb et al18 described
the use of a ring external fixator for soft-tissue distraction before
centralization, gaining an average of 16 mm of distraction and enabling
centralization without tension, thus minimizing the risk of damage to the
ulnar physis. Nanchahal and Tonkin19 showed that carpal realignment was
possible in five of six patients who had soft-tissue distraction with an
external fixator system before centralization, but if only centralization was
performed, carpal realignment occurred in only one of six patients.
However, a recent study reported that despite the ease of centralization
after soft-tissue distraction, radial deviation was more likely to recur in
those who underwent distraction versus the group who did not have
distraction.20
Table 3 Modified Blauth Classification of Hypoplastic Thumb

Figure 1

Images of a type 4 radial longitudinal deficiency
and a type IIIB hypoplastic thumb in a child. A, AP radiograph.
B, Clinical photograph of the limb. C, Postoperative photograph
after centralization. D, AP radiograph after centralization, with
intramedullary fixation in place.

After centralization, wrist motion is reduced;15 thus, centralization is
contraindicated when the ipsilateral elbow has an extension contracture
because the child may need radial deviation and flexion to reach his or her
mouth.

In addition to a high risk of recurrence of deformity, centralization
places the distal ulnar physis at risk for early growth arrest, which is a
devastating complication in an already shortened upper limb. Soft-tissue
releases combined with tendon transfers and long-term splinting at night
may improve wrist alignment while preserving wrist motion. For type 3
and 4 deficiencies, Wall et al21 recommended the initiation of splinting
and stretching, followed by releasing constricted radial soft tissues at the
wrist with a volar bilobed flap for coverage of the radial side for a child
aged 1 to 2 years. For a child aged 5 to 6 years, microvascular
transplantation of the first metatarsophalangeal joint to the radial side of
the wrist is considered, which was originally described by Vilkki;22
however, most patients do not proceed further with the transfer because
they are satisfied with both function and appearance. This approach
maintains wrist motion and does not endanger the distal ulnar physis.

Figure 2

A, AP radiograph of a child with type 3 radial
longitudinal deficiency and a type IIIB hypoplastic thumb. B, AP
radiograph obtained after applying an external fixator for softtissue distraction. C, Clinical photograph obtained after softtissue distraction and centralization.

For adolescents with recurrent radial deviation, ulnocarpal arthrodesis
is a salvage option. Pike et al23 reported on 12 children with RLD who
underwent ulnocarpal arthrodesis (11 patients underwent ulnocarpal
epiphyseal arthrodesis, and 1 patient underwent traditional ulnocarpal
arthrodesis). All achieved wrist stability and a decrease of 42° in radial
deviation.
Ulnar lengthening has been used to treat RLD (Figure 2). Farr et al24
reported eight ulnar lengthenings, noting an average increase of 75%, but
correction of radial deviation and ulnar bowing was not maintained.
Yoshida et al25 reported on their experience of repeated lengthenings of
patients with type 4 RLD. With their initial lengthening, length increased
89% and then regressed to 70%; after the second lengthening, length

increased to 102%, with the final length increase averaging 83%. Yoshida
et al25 recommended a second lengthening after skeletal maturity.
Peterson et al26 reported on 9 patients who underwent 13 ulnar
lengthenings, achieving an average length of 4.4 cm with each
lengthening. These authors commented that the process was long and
arduous for both families and surgeons and fraught with complications.
They recommended that this procedure be limited to the mature adolescent
or teenager who has excellent family support.
Vascularized second metatarsophalangeal joint transfer has been used
to stabilize the carpus and allow physeal growth. Vilkki22 originally
described this technique of transferring the second metatarsophalangeal
joint along with the second ray to the radial aspect of the distal forearm.
This technique provides structural support in addition to allowing growth
resulting from the transposed toe phalanx physis. De Jong et al27 reported
11-year follow-up, noting an average of 28° of radial deviation, average
active wrist motion of 83°, and continued ulnar growth. The surgical
procedure is technically demanding, and complications were reported in
more than 50% of patients, resulting in subsequent procedures.
Another challenge with the surgical correction of RLD is soft-tissue
coverage after the deviated wrist is corrected. The radial-side skin often is
under substantial tension, and the ulnar-side skin often is redundant.
Multiple techniques have been described to treat this, including the bilobed
flap described by Evans et al,28 which addresses the skin coverage issue
by rotating the ulnar-side skin to the dorsum and the dorsal-side skin to the
radial side. The bilobed flap can potentially lead to tip necrosis and
cosmesis issues because of excessive ulnar skin. VanHeest and Grierson29
and VanHeest30 used a dorsal rotation flap that rotates the excessive ulnar
skin radially. Subjective satisfaction with scar appearance was reported.29

Ulnar Longitudinal Deficiency
Clinical Features
The most important functional deficiencies in ULD involve the elbow and
the forearm.31 The ulna is partially or totally absent, and a cartilaginous
anlage often is present.32 The radius is typically shortened and bowed. The
elbow is abnormal or fused (radiohumeral synostosis), and the entire arm
is hypoplastic. The shoulder tends to be internally rotated. The carpus and
the hand are almost always involved, with 90% of affected limbs missing

digits, 70% demonstrating thumb abnormalities, and 30% demonstrating
syndactyly.32 Unlike RLD, the hand is typically aligned with the wrist.
Table 4 Modified Classification of Ulnar Longitudinal Deficiency

ULD is typically unilateral. Children with severe elbow contractures,
radiohumeral synostosis, or bilateral ULD have limitations that are more
related to function. They may have difficulty completing activities of daily
living, especially personal hygiene and dressing. Children with
radiohumeral synostosis and absent, deformed, or stiff fingers have the
most limited function.33,34

Incidence and Etiology
Two recent epidemiologic studies of Northern European populations
showed that the incidence of ULD is 0.2 to 0.4 per 10,000 live births.6,7
Flatt35 found that RLD is approximately four times as common as ULD.
Unlike RLD, ULD is usually sporadic and not associated with systemic
conditions.32 It may be associated with other musculoskeletal
malformations, including coxa vara, proximal femoral focal deficiency,
fibular deficiency, phocomelia, scoliosis, absent digits, and radial ray
deficiencies. Approximately 40% of children with ULD have associated
contralateral upper limb abnormalities.36 Syndromes associated with ULD
include Weyers oligodactyly, Cornelia de Lange syndrome, ulnar
mammary syndrome, Langer and Reinhardt-Pfeiffer type mesomelic
dysplasias, Pillay syndrome, ulnar fibular dysostosis, and femoral-fibularulnar deficiency syndrome.34

Diagnostic Studies

Radiographic imaging is necessary to determine the extent of ULD and
classify the condition. Bilateral radiographs of the upper limbs are
essential to evaluate for associated musculoskeletal anomalies, such as
phocomelia, radiohumeral synostosis, absent digits, thumb hypoplasia, and
syndactyly. Radiographs of the spine also should be obtained to evaluate
for scoliosis.37

Classification
Multiple classification systems have been proposed for ULD, focusing on
elbow and forearm anomalies. The classification system by Kummel38
addressed the elbow joint and whether radiohumeral synostosis or
dislocation of the radiocapitellar joint is present. Ogden et al39 classified
ULD based on the length of the ulna. The classification system by Bayne40
combined ulnar length and elbow morphology32 (Table 4). Cole and
Manske41 approached classification of ULD differently and based their
system on the characteristics of the thumb and the first web (Table 5).
Table 5 Manske and Cole Classification of Thumb and First Web
Space Anomalies Associated With Ulnar Longitudinal Deficiency

Because the entire upper limb is involved, it is difficult to develop a
classification system that addresses all associated anomalies. Therefore,
most clinicians combine classification systems to develop a comprehensive
plan to treat all the upper limb anomalies associated with ULD.

Treatment
The goals of treatment of children with ULD include improving the
position and the function of the affected limb. Splinting of the wrist may
prevent worsening of the ulnar deviation, but it has not proved successful.
Procedures to address hand anomalies include syndactyly release, first web
space deepening, index pollicization (Figure 3), opponensplasty, and
thumb metacarpal osteotomy.

Figure 3

A, Clinical photograph of the hand of a child with
type V absent thumb. B, Postoperative photograph of the hand
after pollicization.

Figure 4

A, AP radiograph of a child with ulnar longitudinal
deficiency. B, Postoperative AP radiograph of the same child
taken several years later after humeral osteotomy.

Children with substantial internal rotation of the upper limb caused by

ULD may have difficulty reaching their face and head with the ipsilateral
hand. If they are able to perform activities of daily living, no treatment
may be necessary. For persistent limitations, an external rotation
osteotomy of the humerus places the hand in a more functional position
(Figure 4).
Surgery for radiohumeral synostosis will not improve motion,42 but a
forearm rotational osteotomy may place the hand in a more functional
position.35 For children with partial ulnar deficiency, painful elbow
instability, and limited forearm rotation, a one-bone forearm procedure can
confer stability and reduce pain.43-45
Excision of the ulnar anlage, a fibrocartilaginous structure, is a
controversial procedure for the treatment of ULD. Although some
surgeons have hypothesized that the ulnar anlage fails to grow with the
radius and acts as a tether, which leads to increased ulnar deviation and
progressive wrist deformity,34 progressive ulnar deviation deformity has
not been consistently noted by others. Ulnar anlage resection appears most
appropriate when progressive deformity of the wrist or elbow is present or
if the bowing of the radius increases.46

Summary
RLD and ULD are failures of formation of the radius and the ulna,
respectively. These conditions may be associated with other
musculoskeletal conditions and syndromes. Treatment aims to improve
function and appearance and is best provided in a well-resourced setting in
the context of a long-term relationship between the child, his or her family,
and the hand surgeon.
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Chapter 70

Upper Limb Prostheses for
Children
Robert D. Lipschutz, CP, BSME

Abstract
Fitting children with upper limb prostheses has many similarities to and
many differences from adult prosthetic fittings. The components used in adult
and pediatric devices are somewhat analogous in design, shape, and
function. However, differences are seen in the size of the components, the
etiology of the amputation or deficiency, the level of family involvement, and
the required accommodations for future growth and component designs.
Most adults with upper limb amputations are young men who have sustained
traumatic injuries. Pediatric upper limb prostheses are more frequently fit in
children who have congenital limb differences. All prosthetic fittings are
unique to the situation and the individual. Common fitting principles for
children are dependent on residual limb length, functional level, and age at
the time of fitting.

Keywords: acquired amputation; acquired limb loss; bodypowered prosthesis; congenital deficiency; externally powered
prosthesis; limb deficiency; longitudinal deficiency;
myoelectric control; passive prosthesis; prosthesis;
transverse deficiency
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Introduction
The decision of whether to fit children with upper limb prostheses has
been a topic of controversy for many years. Compounding this dilemma is

the ongoing development of prosthetic options for children and young
adults.1-7 Although some studies have reported no substantial benefits for
fitting children with upper limb prostheses, others have demonstrated their
usefulness in improving efficiency in manual activities.8-12 Regardless of
these conclusions, each child and family is unique and has its own reasons
and desires concerning prosthetic fitting. Success in fitting a child with an
upper limb prosthesis is subject to a multitude of variables, but it requires
educating the family and the efforts of a dedicated healthcare team.

General Considerations
In preparing for prosthetic intervention, the family should have a thorough
understanding and acceptance of the influence of amputation etiology,
component options, functional benefits, cyclic wearing patterns, the child’s
motivation level, and the challenges associated with prosthetic use. At
first, the parents will make the decision for their child; later in life, the
child will be encouraged to become involved in the process of selecting a
prosthesis and its components.
The primary etiology for upper limb amputations in children is
congenital anomalies. In such patients, parents must understand and accept
the differences in their child’s upper limb. In a child with an acquired
amputation caused by trauma, infection, tumor, or other injury, it may be
even more difficult for the child and family to accept the amputation.
Information should be provided about the associated benefits and
limitations of various prosthetic components, such as terminal devices and
elbows. The child and family also need to clearly express their goals and
desires for the prosthetic fitting (whether the device will be aesthetic,
prehensile, or has some combination of aesthetic and prehensile attributes)
and recognize that such preferences may change throughout the child’s
life. Periodically, children may express a reluctance to wear an upper limb
prosthesis. This reluctance will often begin with nonverbal cues when the
child is quite young and progress to complete rejection when the child has
the ability to verbally communicate. Children and young adults have the
ability to change their minds and often go through a cyclic pattern of use
and rejection of upper limb prostheses. Throughout childhood and
adolescence, patients will have the ability to try a variety of styles and
components, allowing them to make a more educated decision on
prosthetic design and use as they become adults.

The commitment of the family, the child, and the clinical team to the
prosthetic fitting process is paramount in achieving success.13,14 Over
time, the attitudes of clinical teams and families toward the fitting and use
of upper limb prostheses have changed15—with fewer absolutes and more
gray zones. The clinical team should discuss the variables of prosthetic
fitting, including voluntary nonuse by the child. If the child is fit with a
prosthesis, a thorough effort must be made to train the child in its use.
Families are often too busy to invest adequate time in the training process
and expect that the child will accept the prosthesis without constant
assistance in donning the device and reminders of how to incorporate it
into his or her daily activities.

Figure 1

Clinical photograph of a transcarpal congenital limb
deficiency with nubbins and physiologic wrist motion. (Courtesy
of the Rehabilitation Institute of Chicago, Chicago, IL.)

Along with family and peer support, professional training by an
occupational therapist is also beneficial. Although many occupational
therapists have limited training in working with upper limb prostheses,
there are many centers that specialize in the care of children and have
therapists with the required experience. When fitting a child with an upper
limb prosthesis, the clinical team should seek the assistance of an
experienced therapist to provide training and support.
The clinical characteristics of children with upper limb deficiencies

vary widely. Longitudinal limb deficiencies are less common than
transverse deficiencies; therefore, prosthetic fittings are more common in
patients with transverse deficiencies.16,17 In this chapter, the principles of
prosthetic fitting will begin with the distal-most amputations and
deficiencies and progress through more proximal amputation levels. The
components appropriate for different levels of limb absence in specific age
groups are also detailed in this chapter.

Digital Absence
Congenital deficiencies are rarely the cause of isolated absences of a digit
or digits. Syndromes such as Streeter dysplasia (often referred to as
amniotic band syndrome), Möbius syndrome, or Poland syndrome may
infrequently cause digital absence, but these disorders are uncommon, and
prosthetic restoration of individual fingers is rare in affected patients. In
the pediatric population, trauma is more likely the cause of digital
amputations. Potential causes include injuries sustained from paper
shredders, farming equipment, and fireworks.
The main prosthetic intervention for digit amputation is an aesthetic
replacement of the finger for cosmetic and psychological reasons. The
function of these digits is limited and often interferes with the child’s
ability to perform manual tasks. In addition, prostheses for this level of
amputation that meet the aesthetic needs of the child and family often are
very expensive and do not last for long periods of time because of the
child’s continued growth. However, prosthetic intervention with an
aesthetic prosthesis remains an available option, especially for older
children and those with an acquired digital amputation.

Partial Hand With No Digits Remaining and Wrist
Disarticulation
Partial hand amputations with no digits remaining (for example, transverse
deficiency of the carpals) are much more common in children than adults.
When an adult sustains a traumatic partial hand amputation, it is rare to
have all five fingers completely absent, with a row of carpal bones
remaining. In children, the limbs often have nubbins (small finger-like
remnants on the distal end of the limb), along with movement through the
carpal bones (Figure 1). Despite the differences between such amputations

and wrist disarticulations, the prosthetic fitting principles will be addressed
together in this chapter because of the similar limb lengths and
overlapping prosthetic interventions, particularly when residual wrist and
hand motion is limited.
A residual limb of this length allows the child to perform many tasks
without a prosthesis in a physiologic position that is close to normal.
Because the end of the affected limb is nearly the length of the
contralateral limb, the manipulation of objects and the performance of
bimanual tasks are only minimally affected (Figure 2).
Prosthetic fitting at this amputation level has both advantages and
disadvantages. Creating reliance on the prosthesis allows the child to
become accustomed to its use and encourages the child to incorporate the
prosthesis into daily activities. However, covering the end of the residual
limb decreases tactile feedback, which is an important aspect of manual
dexterity and development. Some retention of tactile feedback may be
accomplished by leaving an opening at the end of the forearm of the
prosthesis so that the distal residual limb is exposed (Figure 3). However,
it is unclear whether this allowance benefits long-term prosthetic use and
acceptance.

Figure 2

Clinical photograph of an approximately 5-year-old
girl with a longer residual limb and minimal functional
impairment. (Courtesy of the Rehabilitation Institute of Chicago,
Chicago, IL.)

As with any longer residual limb, there are challenges for fitting
components and maintaining prosthetic limb-length equality with the
contralateral side. Epiphysiodeses of the radial and ulnar styloids have
been suggested as a potential means of creating space for prosthetic
components. However, opponents of this surgical approach cite the
disadvantage of the exaggerated limb-length discrepancy if the individual
chooses not to wear a prosthesis.

Fitting Infants
The age of a child at the first fitting with an upper limb prosthesis varies
from clinic to clinic and according to the level of the limb deficit. At the
partial hand and wrist disarticulation levels, it has been widely accepted
that infants (younger than 1 year) can be fit with a prosthesis at
approximately 6 months of age when they are obtaining sitting balance and
are beginning to explore their environment bimanually.6,14,15,18 The
optimal fitting age varies from child to child and may be affected by many
variables, including the effect of having infants sleep on their backs to
decrease the risk of sudden infant death syndrome. Limited “tummy time”
may delay upper body development and coordination, thus delaying the
benefits gained from using an upper limb prosthesis. For very young
children, passive prostheses are the most widely accepted options for
decreasing the difference in length between the residual and contralateral
limbs, maintaining sitting balance, and encouraging bimanual activities. It
has been suggested that the earlier prosthetic fitting begins, the more likely
the child and family will be to accept the device; however, this topic is
debatable.

Figure 3

Photograph of a forearm prosthesis with a distal
opening at the end of the forearm that exposes the distal
residual limb to allow tactile feedback. (Courtesy of the
Rehabilitation Institute of Chicago, Chicago, IL.)

In infants, the passive terminal devices may have the appearance of an
open hand, a crawling hand, or a mitt. Standard terminal devices and wrist
units are discouraged at these levels of limb absence because they make
the prosthesis too long. Instead, proximally “hollowed” terminal devices
and/or gloves filled with a flexible material are generally used. These
options permit the socket to protrude into the proximal aspect of the
terminal device to preserve limb-length equality.
At this early age, an infant’s limbs have little bony definition and, thus,
will not require the prosthetic accommodations for a bulbous distal end
that will become necessary as the child matures. The shape of the socket is
very generic, and reliance on sleeves or minimal harnessing for suspension
is preferred. Socket construction for an infant’s prosthesis often consists of
a thin, lightweight lamination with a removable (onion-skin) layer to
accommodate growth. A semiflexible thermoplastic material, such Surlyn
(Dupont), is often used for this removable layer (or inner socket) because
it is hygienic and allows direct lamination of the rigid frame without a
separator. Laminating directly over the semiflexible thermoplastic material
permits the two sockets to temporarily bond together until such time that
the prosthetist and the family deem it appropriate to remove the inner
socket because of growth. When this transition occurs, the prosthetist
should check the trim lines of the remaining laminated socket because the
edges most likely will be sharp and require smoothing.
Additional volume management is often necessary because the child

grows rapidly during this stage. Limb volume may be managed by initially
oversizing the socket and using fitting socks that can be reduced in
thickness and ultimately eliminated as the child grows. However, the
thickness of the original sock should be limited because it further increases
the size and bulk of the forearm, which is already larger because of the
addition of the onion-skin layer. Although the preemptive use of an inner
socket layer and additional fitting socks will ultimately prolong the useful
life of the prosthesis, too large of a forearm may be unacceptable to the
family.

Fitting Toddlers and Preschoolers
Similar components may be used when fitting a toddler (1 year to younger
than 3 years) and a preschooler (aged 3 to 5 years). Although no exact age
exists at which the child will be fit with a prosthesis that has grasping
capabilities, the introduction of a child’s first prehensile terminal device
often is accomplished at the toddler stage. The main factors that
necessitate the recommendation for most new prosthetic fittings at this
developmental stage include anatomic changes to the limb and the child’s
capacity to use prosthetic designs with expanded capabilities. If designed
appropriately with growth accommodations, the child’s first prosthesis
should last approximately 1 year, at which time the child will be
approximately 18 months—an appropriate age for fitting a prosthesis with
a prehensile terminal device.

Figure 4

Photograph of a passive terminal device with
prehensile capabilities. (Courtesy of the Rehabilitation Institute
of Chicago, Chicago, IL.)

At 18 months of age, toddlers with transverse deficiencies of the
carpals may or may not have sufficient space for a prehensile terminal
device in their prosthesis without having a length discrepancy of their
forearm and hand. Congenital anomalies are rarely isolated to one
structure, and these deficiencies are generally no exception. A discrepancy
in the length of the ipsilateral humerus and/or radius and ulna is frequently
associated with a transverse deficiency of the carpals. With this shortening,
standard prosthetic components may be used without resulting in a longer
prosthetic arm compared with the noninvolved arm.

Figure 5

Photograph of the child-size CAPP terminal device,
which has a wide palmar face and a friction cover for secure
prehension. (Courtesy of the Rehabilitation Institute of Chicago,
Chicago, IL.)

Terminal devices for toddlers may be similar to the passive devices
previously mentioned or passive devices with prehensile capabilities
(Figure 4). They may have flexible, conformable fingers or true
articulations with spring- or elastic-loaded closing force and the
capabilities of cable activation later. These designs may be of various
shapes, including hooks, hands, and the CAPP (Fillauer) terminal device
(Figure 5). Arguments have been made for the functional abilities of one
design compared with another; however, the most important aspect is
acceptance by the family and actual use of the prescribed prosthesis.
Active, body-powered terminal devices also may be used and require a
harness to provide cable activation of the prehensor. This transition will
likely be new to the child and family and may require education and
training for donning, use, and adjustments.
Arguments also have been made that toddlers do not have the cognitive
ability and coordination for these types of devices, so an externally
powered prosthesis is the most appropriate design for this age.6 Externally
powered options consist of electric hand terminal devices with one of two
common input strategies that are both myoelectrically controlled. Toddlers
are commonly fit with a single-site, voluntary-opening, automatic closing
electronic scheme that is analogous to a body-powered voluntary opening
terminal device. This often is referred to as a “cookie crusher” or St.
Anthony’s Circuit and was designed by T. Walley Williams III and Tom

Haslam in the late 1980s.19 This input design requires a single electrode,
which is typically mounted in the socket over the child’s wrist extensors,
and requires muscle activation to signal opening of the hand. After the
extensor signal falls below the open threshold, the hand is driven closed by
means of either electric power or a spring, such as that used in the Scamp
Hand (RSLSteeper). The placement of the electrode over the extensors is
not only intended for the current design and function but also anticipates
future designs in which dual-site myoelectric systems will use wrist
extensors for hand opening and wrist flexors for hand closing. If
appropriate, this latter strategy may be planned for by incorporating an
electrode dummy into the socket with the goal of later converting the
prosthesis to dual-site control before a new device is applied. For a small
percentage of toddlers, dual-site myoelectric prostheses may be used in the
initial fitting because children with longer limbs have an innate ability to
move the end of their residual limb by means of extensors and flexors, and
they may have the cognitive abilities to use this strategy for their first
prehensile design.
Regardless of the strategy for controlling the electric hand, a battery is
required. Limbs of this length have adequate mechanical advantage and
may well tolerate this added weight. The challenge, however, for these
residual limb lengths is where to place the battery without compromising
the aesthetics of the prosthesis. The battery must be either incorporated
into the forearm, making the forearm more bulky and cylindric, or tethered
on a cable, necessitating a more proximal attachment (Figure 6). Neither
option is optimal.
If the child has substantial movement in his or her residual limb (wrist
flexion and extension), opposition posts may be more beneficial than more
traditional prostheses. Opposition posts are typically frame-type devices
that fit over the forearm and have a distal extension that provides a
platform about which the motion of the residual limb will oppose during
wrist flexion. Adjustability of the platform position is generally provided
to allow grasping of objects of varying sizes and shapes. The efficacy of
these devices may be more pronounced in individuals with bilateral
involvement.20

Fitting School-Age Children, Adolescents, and Young Adults
After a child reaches school age and beyond, if he or she has been
previously fit with a prosthesis, a wearing pattern has typically been

developed. The aforementioned component options (passive, bodypowered, and externally powered) are still available and appropriate as the
child grows. One difference that may become progressively apparent when
examining the residual limb is the anatomic definition that has developed.
For transverse deficiencies of the carpals, with partial amputations or wrist
disarticulations, a bulbous distal end has now developed, which is both a
benefit and a detriment. The benefit of these contoured limbs is the ability
to provide suspension of the prosthesis by securing adequate purchase of
the bulbous distal limb. Drawbacks include the difficulty of designing a
prosthesis that permits easy donning. Various designs, including socket
cutouts (doors) and expandable bladders, have been described. Selfsuspension of any upper limb prosthesis has the benefit of reducing or
eliminating harnessing and potentially decreasing the amount of force
being transmitted to the contralateral axilla by means of the harness.
An additional benefit of the limb definition may be the option of using
alternative electronic means of input for an externally powered prosthesis
for individuals with carpal motion. In myoelectric prostheses, electrodes
must be in contact with muscle bellies. In traditional designs for this
amputation level, electrodes are mounted over the wrist flexors and
extensors at the proximal aspect of the forearm, requiring a socket that
encompasses most of the forearm. If wrist motion is available, control is
obtained by bending “flex strips” or initiating contact against opposing
force-sensing resistors. The former may further permit the use of wrist
articulation, preserving functional wrist motion within the prosthesis.

Transradial Level
A transradial amputation is usually the result of trauma, tumor, or (more
likely) a congenital transverse deficiency of the forearm (predominantly in
the upper one-third of the arm, leaving a short or very short limb).
Children with transverse deficiencies often have residual nubbins, which
are usually smaller than those on longer limbs and do not disrupt prosthetic
fitting. Although fitting children with this level of limb absence may be
somewhat controversial, differing opinions are less directed at the length
and use of the prosthetic limb and more at the long-term use of a prosthesis
and the improvement in the child’s quality of life.8,9 Despite not having a
hand or long residual limb, children with this limb length will often find
ways to use the residual limb for many tasks, such as opposing the residual

limb against the other arm with an object captured between, catching an
object in the cubital fold of the residual limb, or trapping an object under
their axilla. However, these methods are generally used in positions in
which visualization is less directed at the environment and is more within
traditional lines of sight. Wearing a prosthesis will afford children the
ability to manipulate objects further away from their body as well as
provide prehensile capabilities in the terminal device that may be more
beneficial to the task being performed. Contrary to the previously
described levels of amputation, these limbs often are quite short and could
conceivably benefit from orthopaedic lengthening techniques. However,
evidence has shown that this is rarely performed; when lengthening is
performed, complications often arise.21

Figure 6 A, Photograph of a prosthesis with a bulky forearm
with an incorporated battery. B, Photograph of a battery
tethered on the triceps cuff of the prosthesis. (Courtesy of the
Rehabilitation Institute of Chicago, Chicago, IL.)

Fitting Infants
In addition to moving bimanual tasks toward more functional lines of
sight, additional reasons for fitting a prosthesis to an infant with a
transradial-level deficit are analogous to reasons for fittings at longer limb
levels and will be pertinent throughout the remainder of this chapter. Early
fittings begin at approximately 6 months of age and consist of passive

terminal device options. Fabrication often consists of removable inner
sockets for growth and lightweight, laminated outer sockets that are
pigmented to match the child’s skin. These prostheses often result in a
proximal section that is larger than the forearm or glove that is being
applied, thus creating an abrupt transition from the socket to the forearm
(Figure 7). Because of material limitations associated with the vinyl used
in many glove types, it is challenging to stretch the prefabricated glove
over this circumference.

Figure 7

Photograph of a passive transradial prosthesis for
an infant of approximately 6 months of age. The prosthesis has
a removable inner socket for growth and a lightweight,
laminated outer socket that is pigmented to match the child’s
skin. These prostheses often result in a proximal section that is
larger than the forearm, thus creating an abrupt transition from
the socket to the forearm. (Courtesy of the Rehabilitation
Institute of Chicago, Chicago, IL.)

These prostheses are suspended by means of a small sleeve or
lightweight figure-of-8 or chest strap harness. Because children have a
way of wiggling out of their prostheses (especially when the residual limb
is short), it is beneficial to have a harness in place to prevent loss of the
device. Applying the prosthesis and the harness to an infant often is
challenging, with parents, therapists, and prosthetists alike finding it
difficult to keep the infant’s limb in the socket while simultaneously
securing the harness in place. This situation can be a source of frustration
for parents and caretakers and an impetus for trying a sleeve for

suspension.
A more recent suspension strategy that is being incorporated into
pediatric fittings is the use of high-density silicone sockets with integrated
silicone sleeves. This flexible material may be reflected proximally,
donned onto the limb, and rolled back over the child’s limb, where it
provides compressive forces to suspend the device. In these designs, the
entire outer surface, including the socket, is fabricated from silicone and is
customarily a one-piece design. Although the appearance is more
satisfactory than laminated sockets and vinyl gloves, these designs are not
easily modified.

Fitting Toddlers and Preschoolers
The decision to either keep the current design or try an alternative
prosthetic approach is generally made when a child achieves the milestone
of either outgrowing the current device or beginning to investigate his or
her environment to the degree that the child’s family feels a new design is
warranted. As with the previously described limb levels, passive, passive
with prehensile capabilities, cable-activated, or myoelectric prostheses
may be chosen. In contrast, however, adequate room generally exists
between the distal end of the residual limb and the final length of the
terminal device in all of these prosthetic strategies.

Figure 8

Photograph of a voluntary closing terminal device
with sculpted fingers for a toddler or preschool-age child.
(Courtesy of the Rehabilitation Institute of Chicago, Chicago,
IL.)

A child’s cognitive ability to use a body-powered prostheses may
present a challenge, but training by an occupational therapist usually
remedies problems.5,6 Parental acceptance of the aesthetics of a cabledriven prosthesis tends to be the greater challenge. Regardless of the
degree of function permitted with a given terminal device, if it is not
acceptable in appearance to the family, they will not be motivated to put it
on the child, and the fitting will likely fail.
Voluntary-opening terminal devices are limited to the split-hook
design, the CAPP terminal device, or mechanical hands. Voluntary-closing
terminal devices for children are available in a variety of shapes and
colors, including those with sculpted fingers (Figure 8). Because parents
often desire a more lifelike prosthesis for their child, they often choose
devices with a hand-like appearance. More conventional mechanical hands
with voluntary opening or voluntary closing activation patterns are an
available option but are much more difficult for the child to operate,

largely because of the gloves that cover them. When a glove is applied
over a mechanical hand, it dramatically decreases the mechanical
efficiency of the system by increasing the forces required for operation.22
Spring tension in the hands may be reduced for easier opening; however,
this also affects the grasping force of the hands, especially voluntaryopening hands.
Myoelectric prostheses are another popular option because they
provide a hand-like terminal device with a glove that does not require
gross body movements for use. The motor, which is housed within the
hand, provides the necessary force to open and close the device against the
resistance of the glove. However, the weight of the electric hand must be
considered because most children with transradial limbs have transverse
deficiencies in the proximal one-third of their anatomic forearm length,
which puts their short residual limbs at a mechanical disadvantage relative
to the mass of the hand and the forearm. In addition, as described
previously, such systems require a battery, which adds more weight to the
prosthesis distal to the residual limb. Although these batteries have
become substantially smaller in recent years, they still add weight that
must be overcome by the residual limb.
Cookie-crusher strategies are the most popular for a first electric
prosthesis, especially in children younger than 4 years. At this limb level, a
single-control (voluntary opening) pattern may be elicited much more
easily than a dual-control (voluntary opening and closing) pattern. Because
there is less preserved movement at the end of the residual limb, training a
child with a short transradial deficiency to contract antagonistic muscles is
much more difficult than for a child with a longer residual limb. Asking
the child to “wiggle” the end of his or her arm is a typical training prompt,
but it does not always elicit a consistent response in a child younger than 3
years.
Prosthetic sockets are much more invasive for shorter residual limbs
than for longer limbs. They often cross the elbow joint proximally to
provide stability and obtain purchase on the limb. Proximal extensions of
the socket also distribute forces over a larger surface area, thus decreasing
pressure. Many prosthetists choose self-suspending sockets when
designing prostheses for children of this age. Traditional Münster socket
designs are appropriate for this limb length. They incorporate high and
tight anteroposterior trim lines that straddle the biceps tendon and extend
above the olecranon, respectively. Because of this design, they require a

donning technique in which the soft tissues are drawn into the socket by
means of a “pull sock,” a technique that is often difficult to master for both
the parents and the child. In addition, because of its proximal extension
and containment, the Münster socket reduces range of motion (both
flexion and extension) at the elbow when worn. In response, a hybrid
socket design that incorporates principles of tight anteroposterior and
mediolateral trim lines may be used. This design will facilitate easier
donning (although a donning aid may still be needed), but it will not limit
range of motion of the prosthesis as dramatically, and the aesthetics of the
static and dynamic use of the prosthesis will not be affected. Lower trim
lines allow greater range of flexion for midline and cephalic activities.
The dramatic difference in children’s limb shapes when the elbow is
extended, also makes socket fit more difficult. Many of these children
have substantial ligamentous laxity about the elbow and are capable of
hyperextending their elbows (Figure 9). When doing so, the radial head
frequently subluxates anteriorly, causing a bulge in the anterolateral aspect
of their cubital fold. This change in limb shape must be considered to
create a comfortably fitting socket.

Figure 9

Clinical photograph shows hyperextension of a
transradial limb. (Courtesy of the Rehabilitation Institute of
Chicago, Chicago, IL.)

Fitting School-Age Children, Adolescents, and Young Adults
As mentioned for other amputation levels, if a child has developed a
wearing pattern with a particular style of prosthesis, he or she is likely to
continue with that design. However, as children grow older they may want
a prosthesis that is more accepted by their peers (hand-like terminal
devices). All of the aforementioned prosthetic control options (passive,
body-powered, and externally powered) are available for children of
school age or older who have amputations at the transradial level.
Externally powered hands are a good option for these children because
they add aesthetic value, require minimal movement to activate, and
maintain prehensile capabilities. At these ages, the child would most likely
prefer to have volitional control of both opening and closing; therefore, a
cookie-crusher circuit often is abandoned for a dual-site control strategy. It

may be challenging to educate the child to perform these movements and
accurately capture them in a myoelectric control strategy. The residual
limb is often quite short, and when the muscles on the medial aspect of the
forearm (those assumed to be wrist and finger flexors) are contracted, the
residual limb becomes even shorter, often pulling away from the socket
walls. It is imperative that the medial electrode be well situated on the limb
to capture this surface electromyographically. Unfortunately, this electrode
begins to encroach on the medial epicondyle because it must be located
more proximally to maintain skin contact during muscle contraction.

Figure 10

Photograph of a pediatric, externally powered
hand with oppositional grasp. (Courtesy of the Rehabilitation
Institute of Chicago, Chicago, IL.)

An additional challenge with electronic hands for school-aged children
may be changes in the grasp patterns of the hand. The two main hand
grasp patterns for children’s electronic hands are palmar prehension (threejaw-chuck) and oppositional grasp.4,23 Several manufactures, including
Variety Ability Systems and RSLSteeper, make prosthetic hands with the
palmar prehension pattern, and the hands are available in a variety of age-

correlated sizes, ranging from 0 to 3 for infants and toddlers and 7 to 11
for adolescents. The Electrohand 2000 line from Ottobock also is available
in a range of similar sizes; however, this line provides a more
oppositional-type grasp (Figure 10). When transitioning to larger hands,
this grasp pattern is no longer available, so a young adult must adapt to a
palmar prehension pattern. Prehensile patterns may be further altered as
young adult users continue to grow, with the availability of newer
multifunctional hands that provide a variety of grasp patterns through
various means of mode selection.

Transhumeral Level
Limb lengths at the transhumeral level of amputation or deficiency vary
quite dramatically. Children with a very short ulna may be fit
prosthetically as if they have an elbow disarticulation. Relatively long
congenital transhumeral deficiencies also are frequently observed. The
most challenging patients are those with midlength to short transhumeral
limbs because of the fairly substantial mechanical disadvantage along with
the frequent need for revisions that further shorten the limb segment. Such
revisions often are necessary because of the absence of the distal humeral
epiphysis, making the limb prone to bony overgrowth, which is often
referred to as spiking. As this distal bone is removed to relieve spiking and
damage to the internal soft tissue, the residual limb becomes shorter, thus
losing more leverage for controlling a prosthesis.

Fitting Infants
Children with deficiencies through the humerus may also be fit early.
However, a lack of consensus exists as to when to introduce components
that are more complex and when to expect the child to gain the ability to
control the prosthesis entirely with the involved limb.1,3,13,18 First fittings
for these children include passive prostheses, most of which do not have
articulating joints or prehensile terminal devices. Prosthetic elbows are
usually omitted because they would require a prohibitively sophisticated
feature that could vary the amount of friction between loading and
unloading during crawling. The resistance to elbow movement in the
sagittal plane would need to be low when pre-positioning the hand for
activity; however, resistance to the weight of the child when leaning on the
device would need to be high to prevent inadvertent elbow flexion. In

many instances, this first prosthesis will resemble a “banana arm”—a
transhumeral prosthesis with no elbow articulation but with a severe
flexion “bow” that permits the child to easily reach midline with the
terminal device. The aforementioned terminal device may be a passive
hand or a spring-loaded component that permits objects (for example,
bottles and rattles) to be held.

Fitting Toddlers and Preschoolers
Articulating joints often are incorporated into prostheses for children older
than 20 months. The activation, however, will depend on the child’s
cognitive abilities, the family’s willingness to participate in the functional
use of the device, and the clinical team’s experience in fitting and training
the child with these added components. Passive friction elbows permit
positioning against some resistance, which is helpful for some bimanual
tasks. However, if substantial weight is placed through the terminal device
or on the forearm of the prosthesis, the elbow may inadvertently move,
which is a source of frustration for the young prosthesis user.
Instead of a passive frictional component, a component with a positive
locking feature may be used (either outside locking hinges or an internal
locking elbow). Outside hinges with a “step-lock” style mechanism may
be used, especially for longer limbs (Figure 11). Step-lock mechanisms
permit the user to manually flex the joints to a greater degree of flexion,
which then blocks the joints from going into extension. To bring the arm
back into extension, the joints must be maximally flexed, which then
releases the lock and permits full extension of the elbow.

Figure 11

Clinical photograph of a prosthesis with outside
hinges and a “step-lock” style mechanism. (Courtesy of the
Rehabilitation Institute of Chicago, Chicago, IL.)

In elbows with a mechanism that allows alternating locking and
unlocking, the mechanism should be easily activated by attaching a loop or
other form that is readily grasped by the parent or the child’s contralateral
hand (Figure 12). The aforementioned elbows may be successfully
combined with a body-powered terminal device if a Bowden cable system
is used.
Activating the elbow locking and unlocking mechanism with the
typical combined motions of glenohumeral extension, glenohumeral
abduction, and shoulder depression is a sophisticated task that is reserved
for experienced, older children. Most children cannot complete this
complex combination of motions until they are at least age 5 years.5,18
Devices that use a fairlead cable and housing approach require that, after
the child has the elbow locked in the desired position of flexion, he or she

must have enough remaining body excursion to open the terminal device.
Because of the cabling configuration, such a process is challenging for a
young child and is proportionately more difficult for those with shorter
limbs.
Active control of the prosthetic elbow and the terminal device may be
facilitated when an electronic hand is used within a hybrid prosthesis.
Electronic elbow choices for children of this age are no longer available
because the only suitable pediatric electronic elbows have been
discontinued by their manufacturers. The use of larger pediatric electronic
elbows is reserved for older children, children with bilateral limb loss
above the elbow, or those with shoulder disarticulations. If active use of
the elbow and the hand is desired in a toddler or a preschool-age child, a
hybrid prosthesis consisting of a body-powered elbow combined with an
externally powered hand must be chosen.

Figure 12

Clinical photograph of a prosthesis with an
alternating locking mechanism that is manually activated by
pulling and releasing the webbing (arrow) attached to the elbow
cable lock. (Courtesy of the Rehabilitation Institute of Chicago,
Chicago, IL.)

Fitting School-Age Children, Adolescents, and Young Adults
School-age children have the cognitive ability to perform some of the
more complex body movements required to activate transhumeral bodypowered and externally powered prostheses. In school-age children with
recently acquired amputations resulting from trauma or tumor, there may

be greater motivation to use prostheses with more complex controls
compared with their age-matched counterparts with congenital deficiencies
because those with a recent amputation have been accustomed to living
with an active elbow. At this age, the elbow locking/unlocking functions
generally may be controlled by means of the previously described
ipsilateral shoulder movements. In addition, powered prosthetic
components, such as electronic elbows and terminal devices, may be
introduced to provide function without the limitations of insufficient body
excursion. Electronic elbows for children are limited to the VASI 8-12
Elbow4 (Liberating Technologies; Figure 13). Electronic terminal devices
are analogous to those described previously in this chapter and may be
combined with electronic elbows in an externally powered prosthesis or a
hybrid design.

Figure 13

Photograph of a VASI 8-12 elbow, which is the
only electric prosthetic elbow available for children and
preteens. (Courtesy of the Rehabilitation Institute of Chicago,
Chicago, IL.)

Shoulder Disarticulation Level
Congenital shoulder disarticulation levels for an infant are either true
shoulder disarticulations (for example, transverse deficiency of the arm),
complete limb absence (often referred to as amelia), or a variety of
longitudinal deficiencies in which most or all of the humerus is absent,
with only a phocomelic hand or digits present. Other anomalies are
frequently concomitant with these limb deficiencies and often take
precedence in the care and treatment of the very young child. Acquired

shoulder disarticulations are uncommon in children, but they can result
from traumatic events such as electrical and farm equipment injuries.24

Fitting Infants
In children with amelia or phocomelia, prosthetic fittings are frequently
delayed because an entire shoulder disarticulation prosthesis for an infant
is cumbersome and ineffective. Although early fitting contributes to
successful prosthesis use, in these patients, prosthetic fittings are
impractical because they may inhibit the achievement of infant
developmental milestones by preventing rolling and mobility. It may be
feasible to begin prosthetic fitting when sitting balance is achieved;
however, this milestone may be delayed if the child’s body asymmetry
makes it difficult for him or her to balance when sitting.
If a prosthesis is provided for these children, it often will have a
passive friction shoulder (or no shoulder joint), a friction elbow, and a
passive terminal device. A passive elbow would be used for infants at the
shoulder disarticulation level because of the inability of the infant to
actively position the prosthetic arm in space. The therapist and parents
must show the child how to use the prosthesis. Friction settings on these
elbows tend to be set quite high because the infant is not expected to
preposition the elbow at such a young age.

Fitting Toddlers and Preschoolers
If a child with a congenital shoulder disarticulation and his or her family
have successfully adopted the prosthesis at the toddler to preschool stage,
they will most likely continue with prosthetic fittings. In addition to the
components mentioned for the infant user, the toddler may have a
prehensile terminal device that is either passively prehensile or activated
by cable excursion. Because glenohumeral flexion is not an option for
controlling the cable system, excursion is quite limited. It may be worth
considering an externally powered terminal device combined with
electrical activation schemes through a harness (scapular protraction) to
control the terminal device. Electronic control of the terminal device
decreases the amount of excursion necessary compared with a bodypowered component. Such externally powered prostheses may be
configured with volitional control of opening with automatic closing or
with volitional opening and closing of the terminal device. Although
myoelectric control would eliminate the need for excursion to activate a

component, it is very difficult to teach such control to a child of this age
with a shoulder disarticulation.

Fitting School-Age Children, Adolescents, and Young Adults
In addition to children with congenital shoulder disarticulation limb
absence, school-age children, adolescents, or young adults may have
sustained a traumatic event that necessitated a shoulder disarticulation.
Depending on the size of the child, component selection may vary.
Prosthetic shoulders include friction-regulated flexion-abduction joints.
However, adolescents and young adults may benefit from a shoulder joint
that offers both locking and free-swinging positions in the sagittal plane. A
free-swinging arm feature may improve comfort while walking and may
translate to improved wear and compliance.
The available components distal to the shoulder are the same as those
described for the transhumeral amputation level. Because excursion for
shoulder disarticulations is even more limited, it is essential to use either a
hybrid control (Figure 14) or a completely externally powered prosthesis
if an active elbow and a terminal device are required. The VASI 8-12
Elbow would be required for an externally powered prosthesis until the
child reached a size at which he or she could benefit from another
commercially available elbow such as the Boston Digital Arm (Liberating
Technologies), the Utah Arm (Motion Control), or the Dynamic Arm
(Ottobock).

Bilateral Shoulder Disarticulation
Bilateral upper limb absence is primarily seen in individuals who have
congenital deficiencies.2,18,25 It has been well documented that prosthetic
use is quite challenging in these patients. If available, individuals with
bilateral shoulder disarticulation should be trained to use other parts of
their anatomy (such as feet and legs) for grasping and manipulating
objects. Individuals may be quite successful at using their feet like hands
and can develop excellent coordination and dexterity. Prostheses fittings in
these children may be attempted but are frequently unsuccessful because
the benefits often do not outweigh the drawbacks.26

Figure 14

Photograph of a shoulder disarticulation
prosthesis with hybrid control. (Courtesy of the Rehabilitation
Institute of Chicago, Chicago, IL.)

Summary
Successful fitting of upper limb prostheses for pediatric patients involves a
team effort, with the child and family at the core of this team. All team
members need to be educated on the pros and cons of prosthetic fitting and
the functional benefits and limitations of available devices. Infants will
often use their prostheses for very different functions than toddlers,
school-age children, and young teens. Regardless of the child’s age, the
level of limb absence or amputation has a great influence on the use of
prostheses. As in all prosthetic fittings, the shorter the residual limb and
the higher the level of the limb difference or amputation, the more
challenging is fitting, the achievement of good function, and prosthesis
acceptance.
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Chapter 71

Pediatric Hand Deficiencies
Jakub Stuart Langer, MD

Abstract
Congenital hand deficiencies and abnormalities present unique diagnostic
and therapeutic challenges. A holistic approach, including aesthetic and
psychological considerations and surgical techniques for restoring normal
kinesiology and function of the deficient limb, is necessary to treat children
with such deficiencies. Common deficiencies include symbrachydactyly,
syndactyly, longitudinal deficiencies, and polydactyly. Improved basic
knowledge of pediatric hand deficiencies will aid surgeons and clinicians in
choosing the best treatment strategy for their patients.

Keywords: congenital hand deficiency; longitudinal deficiency;
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Introduction
The birth of a child with an upper limb deficiency elicits a myriad of
confusing parental emotions. Medical professionals should address
parental concerns and expectations in an optimistic, compassionate,
honest, and forthright manner. Parents may grieve that their infant is not
the perfect child that they had anticipated through the course of the
pregnancy. Some will voice anger that prenatal evaluations did not detect
their child’s abnormality. Many parents feel an intense need to “do

something,” either surgical or prosthetic, to make their child “normal” and
whole. Conflicting advice from well-meaning friends and relatives may
contribute to parental stress. When the child’s condition is potentially
hereditary, conflicts between the father’s and mother’s families may be
heightened.
Despite frequently voiced parental concerns, a recent self-concept
scale study demonstrated that overall, children with congenital anomalies
possessed equal self-concept to healthy children.1 Interestingly, children
with more mild anomalies had worse scores than children with more
severe anomalies.
Some parents initially elect a cosmetic prosthesis to conceal their
child’s abnormality without regard to the functional effect of the
prosthesis. The lack of success when a purely aesthetic prosthesis covers
the sensate skin of an anomalous hand should be openly discussed.
Although an aesthetic upper limb prosthesis may facilitate rehabilitation in
a child with a traumatic amputation, it is usually a hindrance to a child
with congenital amputation who possesses a mobile hand and wrist, even
when fingers are absent. Aesthetic prostheses may become a source of
conflict between parent and child if the child regards the prosthesis as a
hindrance to function. The child may feel that the prosthesis is to be worn
merely to please parents who are embarrassed by his or her appearance. If
an active prosthesis is to be successfully integrated into the child’s life, it
must help the child either accomplish otherwise impossible activities or
perform meaningful activities with greater facility.
A recent advancement in prosthetic care is three-dimensional
prosthetic printing, which provides a low-cost alternative to traditional
aesthetic or functional prosthetic devices.2 This patient- and family-driven
modality gives the child or family the ability to easily customize and alter
the prosthesis to meet the child’s needs and wants, and may aid in the
emotional adjustment to his or her disability.

Upper Limb Kinesiology
The hand allows children to explore their environment and to manipulate
objects within that environment. The hand should be able to maneuver in
space under volitional control and should be able to reach the body and the
area in front of the body. Using both visual and tactile clues, a child must
be able to aim the hand so that it can precisely approach an object. The

object is then grasped by the closing fingers and adducting the thumb. The
hand must also be capable of releasing the object from its grasp.
The two major types of grasp are precision prehension and power
prehension.3 Precision prehension is used to hold relatively small objects
with modest force, whereas power prehension is used to hold larger
objects, often with greater force. In precision prehension, the object is
secured between the distal phalanx of the thumb and the index finger or
within the thumb, index, and middle fingers. The fingers are usually
extended at the interphalangeal (IP) joints, and the metacarpophalangeal
(MCP) joints are partially flexed. The object itself usually does not contact
the palm.
The three most common forms of precision grasp or pinch are palmar
pinch, lateral pinch, and tip pinch. With palmar pinch, the flat palmar pads
of the thumb and fingers secure opposite sides of the object being grasped.
With lateral pinch, the palmar surface of the thumb’s distal phalanx is
brought against the radial border of the index finger. Because this posture
is often used to grasp and twist a key, this pattern is also known as key
pinch. Tip pinch provides contact with the distal end of the distal phalanx
of the thumb with the distal phalanx of the index or of the index and
middle fingers. Tip pinch is used to pick up small objects such as a pin or a
dime from a tabletop.
Power prehension involves the ulnar digits (most often the ring and
little fingers), whereas the radial digits (the index and middle fingers) are
used primarily in precision prehension. Power grasp usually results in
contact of the object against three surfaces: (1) the palmar aspects of the
flexing fingers, (2) the palm of the hand, and (3) the thumb metacarpal or
proximal phalanx. Although the distal phalanx of the thumb may wrap
around the object, most thumb power is contributed by the stabilizing
effect of the adductor pollicis, which buttresses the pressure transmitted
from the fingers through the object.
The hand also plays an important role in nonprehensile activities.
These activities usually involve the transmission of force through the
terminal portion of the limb to another object. Nonprehensile activities
include keyboarding or button pushing, pushing open a swinging door,
throwing a punch, or striking a karate blow.
The hand may also be used to cradle or hold objects against the chest
or to support objects such as a tray. Congenitally anomalous hands without
prehensile capability are often used with great dexterity to perform these

nonprehensile functions.

Other Considerations
As infants begin to explore their environment, they learn to use their
unique physical capabilities to the best advantage. The young child’s goal
is to reach the cookie, grasp it, and bring it to his or her mouth. If this is
most easily accomplished with one hand, the closest or most efficient hand
will be used. If the object is large or if single-hand prehension is
impossible, then both hands will be used together, or the child will secure
the object against the chest. When upper limb prehension is severely
compromised, a child may become facile using foot prehension.
The child’s growing awareness of his or her abnormality is usually the
result of comments from playmates, siblings, or well-meaning adults. The
child usually does not become self-conscious until approximately the age
of 6 or 7 years. Peer pressure may cause the child with a unilateral
abnormality to conceal the hand in a pocket or to reject an otherwise
successful prosthesis.
Other points of psychological stress occur during adolescence when
concerns arise over attractiveness. Feelings may be further complicated by
impending marriage and the prospect of offspring with similar
abnormalities. Access to knowledgeable genetic counseling is essential,
particularly at that time.
Aesthetic considerations are important when weighing therapeutic
alternatives in the management of congenital hand abnormalities. The hand
and face are the unclothed areas of skin most often exposed to scrutiny.
When anomalous parts have an abnormal appearance and do not contribute
to function, they may be removed. In the perception of many, conversion
of a malformed part to an amputation may result in an aesthetic
improvement.
On occasion, the removal of a functionless part may facilitate
prosthetic fitting. Approximately 50% of individuals with congenital lower
limb amputations require surgical revision before prosthetic fitting,
whereas only approximately 10% of congenital anomalous upper limbs fit
for prostheses require surgical revision.4 Consultation between the surgeon
and prosthetist helps the surgeon understand which anomalies will obstruct
prosthetic donning and wear. Portions of the affected limb that are useful
for prehension without a prosthesis should never be amputated. A
prosthesis can be fit around a short phocomelic limb to allow the child to

maintain functional capabilities without the prosthesis.

Clinical Presentation
Although congenital upper limb abnormalities are increasingly diagnosed
by prenatal ultrasound, they typically are first diagnosed at birth. Parents
often have a deep need to understand the nature of their child’s
abnormality and the potential treatments available. Early consultation with
experienced physicians and therapists is helpful for most families.

Classification
The Oberg, Manske, and Tonkin (OMT) classification of congenital
anomalies of the hand and upper limb (Table 1) was proposed in 2010 as a
replacement for the Swanson International Federation of Societies for
Surgery of the Hand classification system (Table 2). The OMT system
uses recent increasing knowledge of molecular and developmental
pathways, and relates them to clinically relevant anomalies. It separates
malformations from deformations and dysplasias. Malformations are
subdivided according to the axis of formation and differentiation and
involvement of the whole limb or the hand plate alone.
Table 1 Oberg, Manske, and Tonkin Classification of Congenital
Anomalies of the Hand and Upper Limb

Table 2 Modified Swanson/International Federation of Societies
for Surgery of the Hand Classification

Conditions in which body parts are absent are referred to as failures of
formation. In most patients, the anatomic border between normal tissue
and absent elements is indistinct and gradual; a blend of dysplastic and
hypoplastic tissue typically forms a transition zone that may extend the
entire length of the limb. Constriction ring sequence, also termed
congenital constriction band syndrome or amniotic bands, is the result of
highly localized intrauterine trauma to the growing limb, and it is one
condition in which there may be an abrupt transition from normal tissue to
absent elements (Figure 1). In these limbs, the anatomy proximal to the
area of abnormality is usually perfectly normal.
Anomalies that extend the entire length of the limb are termed
longitudinal deficiencies. When the preaxial border of the limb is involved,
the condition is termed a radial deficiency, and when the postaxial border
of the limb is involved, the condition is referred to as an ulnar deficiency.
Absence or hypoplasia of the thumb is often a component of radial
deficiency. In some patients, thumb absence may be a component of ulnar
deficiency.

Figure 1

Photographs demonstrate early congenital amniotic
rupture sequence with amputation and syndactylization of the
index, middle, ring, and little fingers. A, Palmar view
demonstrates interdigital sinuses. B, Dorsal view. C, AP
radiograph shows tapering of the distal end of the proximal
phalanx of the ring finger.

Figure 2

Dorsal (A) and palmar (B) photographs of a
terminal transverse deficiency characterized by persistent
digital nubbins without bony phalangeal elements.

Conditions in which the absence is most intense in the distal portion of
the limb are usually referred to as terminal deficiencies (Figure 2). The
entire limb, including the chest, must be evaluated to fully understand
these abnormalities. Distal anomalies involving the hand, such as
syndactyly, may be associated with chest abnormalities in children with
Poland syndrome.

Symbrachydactyly
The most common forms of terminal limb deficiency are related to the
symbrachydactyly
sequence
of
abnormalities.5-7
The
term
symbrachydactyly literally refers to a hand with syndactyly of short
fingers. The use of the expression symbrachydactyly sequence is confusing

initially because many of the children grouped into this malformation
sequence have neither syndactyly nor fingers. Symbrachydactyly
represents the prototypic form for this group of terminal failure of
formation abnormalities. Many limbs with syndactylization have primitive
digits, often termed nubbins. These bud-like, incompletely formed digits
often include small finger nails. In many instances, digital flexor and
extensor tendons insert into the nubbin, enabling children to pucker or
withdraw the tip of the digit proximally into the residual limb.
Manifestations may be as mild as slightly shortened middle phalanges or
as severe as a very short forearm segment with digital nubbins protruding
from its distal end (Figure 3). Children with intermediate forms may have
only a thumb or only a thumb and little finger with small nubbins
representing the undeveloped fingers. Mild hypoplasia of the ipsilateral
humerus is common, as is dysplasia or hypoplasia of the forearm. When
multiple digits are involved, the central three digits are usually the most
profoundly affected. The symbrachydactyly sequence abnormalities are
usually unilateral and nonhereditary. The left upper limb is involved more
often than the right upper limb. Boys are more frequently affected than
girls.
The term hypodactyly has recently been coined to describe an entity of
digital absence distinct from symbrachydactyly or amniotic disruption
sequence where digits are truncated without evidence of terminal
ectodermal elements or amniotic bands.8 This entity is thought to occur by
a different developmental mechanism.

Imaging Studies
Radiographs of the entire upper limb should be obtained. Comparison
views of the opposite hand may be useful in predicting the ultimate size of
the affected part because its size in proportion to the unaffected side will
likely not change even as the child grows. Radiographs of young children
may underestimate the extent of bone formation, particularly in thin
syndactylized fingers. Portions of the anomalous fingers and carpus often
include unossified cartilage.

Classification
Digital absence may be simply described as thumb absence, index finger
absence, middle finger absence, ring finger absence, or little finger
absence. In many patients with a terminal limb deficiency, the deficiency

involves only part of the digit. The phalangeal elements may be absent, but
the corresponding metacarpal is present. The extent of dysplasia in each
ray should be assessed. A brief description of the more common forms of
this condition is presented in Table 3.

Figure 3

Radiographs demonstrate the variable morphology
of unilateral symbrachydactyly. A, Five-digit–type hand with
biphalangeal thumb and biphalangeal fingers (left) is smaller
than the contralateral, normal hand. B, Four-digit–type hand
with four biphalangeal digits and one digital nubbin. C, Threedigit–type hand includes a narrowed syndactylized web
between the biphalangeal thumb and biphalangeal ring finger.
D, Two-digit–type hand shows limited ossification of the distal
phalanx within the nubbin index, middle, and ring fingers. E,
Monodigital-type hand consists of a widely abducted thumb
metacarpal. F, Carpal-type hand with five soft-tissue nubbins.
G, Wrist disarticulation-type hand with a single digital nubbin.

Associated Findings
Poland syndrome is the ipsilateral finding of symbrachydactyly and chest
abnormality.5-7,9-14 Interestingly, the proximal chest abnormality is more
common with the milder, more distal forms of symbrachydactyly than with
more profound limb abnormalities. The most frequently associated chest
abnormality is absence of the sternocostal head of the pectoralis major
muscle. More profound chest abnormalities include total absence of the
pectoralis major muscle and rib abnormalities. Asymmetric nipple location

may occasionally be seen. As girls mature, ipsilateral breast hypoplasia
may be evident.

Functional Deficits
The functional deficits in children with symbrachydactyly are a direct
consequence of the degree of involvement as detailed in Table 3. In the
more distal forms, prehension with digital independence is possible.
Individual digital function may be compromised by syndactyly, IP joint
instability, or angulation.
The absence of central digits may compromise hand dexterity and limit
the child’s ability to play certain musical instruments. Stable grasp and
manipulative ability are diminished in a hand that has only two or three
fingers. A two-digit hand is capable of prehension if the two digits can
actively touch one another. Prehension requires that at least one of the
digits is mobile and actively controlled. Hands with only a single digit are
capable of nonprehensile activity such as pushing buttons or striking a
letter on a keyboard.
Adactylous hands with wrist motion are used to cradle objects against
the trunk and to hold objects in place for manipulation by the unaffected
hand. The adactylous hand can hold a piece of paper in place while the
other hand holds the pen or pencil to draw or write on the paper.

Differential Diagnosis
A hand that possesses only the thumb and little finger has, in the past, been
referred to as an atypical cleft hand.15,16 It is important to recognize,
however, that these two-digit hands are unrelated to cleft hand, an
autosomal dominant condition often with bilateral hand and foot
involvement.

Table 3 Classification of Common Types of Digital Absence

Surgical Treatment
Because symbrachydactyly is almost always unilateral, most affected
children are remarkably facile at performing activities of daily living. The
extent of involvement determines the extent of function in the affected
limb. Involved digits may be short and unstable. In some patients, an
empty digital skin sleeve or nubbin is evident. Release of syndactyly
between fingers with local skin flaps and full-thickness skin grafts
increases digital independence.
Nonprehensile activities such as typing may be improved by the
stabilization of unstable IP joints by capsulodesis, chondrodesis, or
arthrodesis (Figure 4). Angulation of digits, usually the result of a
trapezoidal middle phalanx, may be treated by a simple closing wedge
osteotomy.
When a soft-tissue digital sleeve is redundant and devoid of skeletal
elements, puckering of the tip will demonstrate the insertion of extrinsic
flexor and extensor tendons. In such digits, it is often possible to
reconstruct a short, mobile digit by a simple nonvascularized proximal
phalanx transfer from the foot to the hand (Figure 5).
The monodactylous hand consisting of only a mobile, actively motored
thumb is capable of nonprehensile activities such as stabilizing a shoelace

but incapable of either power or precision grasp. Construction of an ulnarsided buttressing digit by distraction lengthening, toe-phalanx transfer, or
free toe transfer may allow the hand to achieve meaningful prehension. A
recent review of nonvascularized toe phalangeal transfers reported on the
potential substantial morbidity of this procedure, including gait
abnormality, abnormal appearance, and toe instability.17 A prosthesis that
provides a passive ulnar-sided buttress may also make prehension possible.
When a mobile carpus is devoid of fingers, the microvascular transfer
of both second toes has been suggested.18 Although this procedure is
technically possible, the results are often disappointing because of the
limited mobility of the transferred digits, making meaningful prehension
unpredictable after a technically demanding intervention. Alternatively,
Vilkki19 and Foucher20 suggested placing a single microvascular toe
transfer on the distal radius in a position in which the mobile carpal
segment can flex and extend in relation to the transferred toe. This
unconventional digital position creates a more predictable prehension.

Syndactyly
Clinical Presentation and Classification
Syndactyly is the physical joining or tethering of fingers or toes. When
syndactylization extends the entire length of a digit, the condition is
termed complete syndactyly. When the web involves only part of the
length of the digit, it is termed an incomplete syndactyly. When skeletal
and nail elements of the syndactylized digits are separate, the syndactyly is
said to be simple. When digital skeletal and/or nail elements are fused, the
syndactyly is termed complex (Figure 6). Acrosyndactyly refers to
syndactyly in which the ends of the fingers are joined, often as a result of
early amniotic rupture sequence (formerly termed congenital constriction
band syndrome). Syndactyly of the digits containing angulated phalanges
is termed complicated syndactyly.21

Surgical Treatment
Surgical release of syndactylized digits will enhance digital independence,
an important element of keyboarding. Even short digits consisting of only
a proximal phalanx may benefit from separation. Index finger radial
abduction may be increased and pinch improved when a short index finger
is released from the middle finger. Syndactyly release must provide skin

coverage of the adjacent lateral surfaces of the released digits and also
create a proper web space floor. Because the surface area of two
syndactylized digits is far less than the skin surface area of two separated
digits, a full-thickness skin graft is necessary to supplement local flaps.
Many skin flap techniques have been advocated for the separation of
syndactylized digits.22-28 Successful surgical procedures cover the surface
of both digits with durable skin, create an appropriate web space floor, and
accommodate growth of the digit without secondary contracture (Figure
7). Effective techniques use skin flap tissue to create a sloping web space
floor of true anatomic proportions both in width and depth. This flap tissue
may be derived either from the dorsum of the hand, from the palmar aspect
of the hand, or from a combination of both palmar and dorsal tissue.
Dorsal flaps provide the best skin color match when the web space is
viewed from the dorsum but may result in a hypertrophic scar across the
interdigital commissure. A palmar flap provides a better commissure
contour but results in the shifting of pink palmar skin into the web space.
Because the web space is usually viewed from the dorsum, the difference
in color is particularly noticeable in dark-skinned individuals.

Figure 4

Radiographs of an adactylous hand treated with a
transverse osteotomy. A, Preoperative radiograph shows the
five small metacarpal elements, which had limited thumb
metacarpal motion. B, Transverse osteotomy of the thumb
metaphysis allowed insertion of intercalated bone graft from the
adjacent index metacarpal. C, Additional length allowed
improved monodigital function.

Figure 5

Radiographs show the reconstruction of a
monodactylous hand. A, Preoperative radiograph of the hand
with a monophalangeal thumb and empty finger skin sleeves.
B, Nonvascularized toe phalangeal grafts from the third and
fourth toe proximal phalanges enhance digital stability, length,
and dexterity.

The web space floor normally begins just distal to the MCP joint and
slopes to the edge of the palmar commissure, approximately one-third the
length of the proximal phalangeal segment. The web palmar commissure is
supple enough to allow interdigital abduction of up to 45°.
Skin incisions on the palmar and dorsal surfaces of the syndactylized
digits should be planned to avoid longitudinal scars crossing digital flexion
creases because these scars tend to contract with growth. Zigzag incisions
may be planned to interdigitate skin flaps to either achieve full closure of
one digit or partial closure of two adjacent digits. Skin grafts are sutured in
place. Interdigital dressings are maintained until all wounds have
healed.29,30
When multiple digits are syndactylized, surgeries should be staged to
avoid releasing both sides of a digit during a single operation.

Figure 6

Radiograph shows a patient with syndactyly of both
hands. The left hand demonstrates, a complete, complex
central synpolydactyly, whereas the right hand demonstrates a
complete simple syndactyly.

Figure 7

Images show thumb polydactyly, consisting of two
biphalangeal digits and a narrow first web space. A, Clinical
photograph. B, Radiograph. C, Reconstruction includes
removal of the skeletal elements of the radial digit,
reconstruction
of
the
collateral
ligament
of
the
metacarpophalangeal joint, first web space release, and Zplasty.

Early Amniotic Rupture Sequence
Clinical Presentation
Early amniotic rupture sequence, formerly referred to as congenital
constriction band syndrome, amniotic bands, or annular bands, is a
condition often characterized by upper and lower limb involvement and, in

some patients, facial involvement.31-33 Manifestations may include areas
of ring-like narrowing of a digit or limb, amputation of the part distal to an
encircling area of band formation, acrosyndactyly, and enlargement of the
segment distal to the area of constriction. Because this condition represents
an intrauterine injury that disrupts normal limb formation, the level of
amputation is often through the diaphysis of a phalanx.

Surgical Treatment
Areas of band indentation may be effectively treated by excision of
indented skin and constricting underlying fascia. A layered closure
combined with local rotation flaps will improve contour of the limb or
digit. When deep bands compress underlying nerves, compromising distal
neurovascular function, decompression and nerve grafting may be helpful.
Acrosyndactyly may be addressed using traditional syndactyly release
techniques. If an interdigital sinus is present, it should be excised at the
time of syndactyly release.

Complications
Because the level of amputation through the forearm or phalangeal bones
often passes through the bone’s diaphysis, bony overgrowth frequently
occurs. Diaphyseal bony overgrowth results in tapered ends of fingers. The
most distal bone grows faster than the soft-tissue coverage, resulting in
tender, poorly padded finger tips or recurrent problems with prosthesis fit.
Revision of the ends of these digits or limb ends should be generous to
minimize the likelihood of recurrent overgrowth.

Polydactyly
Clinical Presentation
Polydactyly takes many forms. In black children, postaxial (ulnar)
polydactyly is the most common form, whereas in white children, preaxial
(radial) polydactyly is more frequent. Central polydactyly is less common
than either preaxial or postaxial polydactyly.34 Polydactylous digits are
rarely supernumerary, that is, they rarely represent parts additional to a
normal hand.26 Most often, digits with polydactyly are structurally
abnormal.35 The challenge of surgery is not simply to remove sufficient
tissue but rather to retain tissue sufficient to optimally reconstruct the
retained digits.36-39

Surgical Treatment
Simply amputating one of the duplicate digits may result in an inadequate
residual digit that is smaller than its counterpart on the opposite side. This
effect can be decreased by soft-tissue coaptation (Figure 8). Incisions are
planned to facilitate the coapting of soft tissues from both digits to provide
optimal soft-tissue bulk. Angular deformity in either phalanx or metacarpal
should be corrected by osteotomy. Surgical reconstruction aims to achieve
a digit in which the carpometacarpal, MCP, and IP joints are parallel. The
longitudinal axis of the metacarpals and phalanges should be perpendicular
to the three joints. Correction of angulation is usually achieved by a
closing wedge osteotomy and secured with Kirschner wires. An opening
wedge osteotomy using a segment of excised bone as intercalated graft is
occasionally indicated. Correction of angulation is usually achieved by
osteotomy or tendon rerouting or rebalancing, with reconstructed thumbs
demonstrating excessive late angulation and yielding the worst patient
satisfaction scores.40-42

Figure 8

Photographs of a Wassel type IV thumb
duplication. A, Preoperative photographs demonstrate
angulation of the larger ulnar thumb metacarpophalangeal
(MCP) and the interphalangeal joint levels. B, Surgical
reconstruction of the thumb included a soft-tissue coaptation
flap from the excised radial digit, a closing wedge osteotomy of
the thumb metacarpal, and an opening wedge osteotomy of the
proximal phalanx to achieve appropriate longitudinal alignment
of the digit. The radial collateral ligament of the MCP joint was
reconstructed, and the abductor pollicis brevis muscle
reinserted in the retained digit.

Classification
Preaxial polydactyly takes many forms. Wassel43 classified these

abnormalities into seven categories, six of which involve biphalangeal
thumbs (Figure 9). Type I deformities may present as simply a wide distal
phalanx and nail, in which case no treatment is indicated. If two nails are
present, two treatment alternatives may be considered: (1) excision of one
nail with the underlying bone or (2) central resection of adjacent nail
borders and underlying bone, combined with longitudinal phalangeal
osteotomies, to narrow the distal phalanx. The latter technique, known as
the Bilhaut-Cloquet procedure, requires care in nail matrix repair, articular
surface alignment, and physeal alignment to avoid creating a stiff IP joint
with a longitudinal nail ridge. Osteotomies should be performed distal to
the physis to avoid growth disturbance.
Type II duplications consist of two undersized (compared to normal)
distal phalanges seated atop a somewhat widened proximal phalangeal
distal articular surface. The more radial digital element has a collateral
ligament along its radial border, whereas the ulnar digit has a collateral
ligament along its ulnar border. The two digits abut with adjacent articular
facets and are bound by pericapsular tissue. In most instances, it is
preferable to excise the more radial digit because it is usually less well
developed. The broad distal articular surface of the proximal phalanx may
need to be tapered to a size appropriate to the distal phalanx. The collateral
ligament that initially secured the radial aspect of the deleted radial digit
must be retained to securely stabilize the radial aspect of the new IP joint.
Retained flexor and extensor tendons must be examined to ensure that the
course and insertion of residual tendons are centered.
Type III abnormalities are usually treated by deleting the radial digit.
Type IV abnormalities usually require deletion of the radial digit,
narrowing of the metacarpal head, and reconstruction of the collateral
ligament. The intrinsic muscles that originally inserted into the more radial
thumb are reinserted into the hood of the residual ulnar thumb component.
Type V abnormalities usually require deletion of the more radial digit and
reinsertion of the intrinsic muscle insertion into the residual ulnar digit.
Type VI abnormalities may require shifting of the more distal portion of
the radial digit onto the more proximal portion of the ulnar digit.

Figure 9

Illustration of Wassel’s original classification
scheme for thumb polydactyly, which has been modified to
demonstrate the most common form of thumb polydactyly (type
IV), in which two proximal phalanges each possess separate
secondary ossification centers.

Central polydactyly often presents in combination with syndactyly.34
Frequently, an anomalous central digit lacks normal metacarpal
development and is bound to the middle or ring finger. In these patients,
the skeletal elements of the unsupported digit are excised, and skin flaps
are designed to preserve or reconstruct normal web space contour and
digital bulk. When formal ray resection is required, web space–preserving
incisions should be used.
Postaxial polydactyly of the digit joined only by soft tissue may be
treated by simple excision. When the most ulnar digit articulates with the
metacarpal head in a fashion similar to that in the Wassel type IV thumb
duplication, simple digital excision will result in an inadequate residual
digit. It may be necessary to narrow the metacarpal head, but it should be
recognized that the metacarpal head of the little finger, unlike that of the
thumb, contains a physis and that care must be taken to preserve physeal
growth. If the hypothenar musculature inserts into the more ulnar little
finger, its insertion must be detached from the skeletal elements being
resected and reinserted into the retained radial little finger. Similarly, the
ulnar collateral ligament of the deleted digit must be retained and
reconstructed to stabilize the ulnar aspect of the residual little finger MCP
joint.
Ulnar dimelia (mirror hand) is an unusual abnormality characterized by
duplication of the postaxial border of the hand with seven or eight
fingers.44 Neither the thumb nor the radius is present. Surgery on the
preaxial proximal ulna is useful in expanding the arc of elbow flexion and
extension but does not provide forearm rotation. Because there is an
overabundance of flexor musculature and relative paucity of extensor
musculature, release of the wrist flexion contracture may be necessary.

Deletion of two or three digits with pollicization of one of the digits along
the preaxial border will improve the aesthetic appearance of the hand and
modestly improve function.45

Wrist Disarticulation
The Krukenberg procedure has been suggested as a reconstructive
alternative for children with congenital absence of the hand, particularly in
those with profound contralateral abnormalities, associated blindness, or a
lack of access to prosthetic care.46,47 The distal radius and ulna are
surgically separated by division of the interosseous membrane and
resurfacing the radial aspect of the ulna and the ulnar aspect of the radius.
This creates a prehensile limb that will also allow prosthetic fitting.
Because the cosmetic disadvantage of this procedure is substantial, its use
in patients with unilateral absence is controversial.

Short Transradial Amputation
This common level of terminal deficiency is effectively treated with
prosthetic management. Surgical reconstruction is rarely necessary,
although Seitz48 reported distraction lengthening of a very short ulna to
facilitate suspension of a conventional myoelectric prosthesis. Initial
prosthetic management begins with a passive hand. The sophistication of
the prosthesis can be increased as the child matures.

Timing of Management
Although surgical reconstruction of an anomalous hand can begin during
the first year of life, recent literature supports a delay in surgical
intervention until the child is at least 2 years of age to avoid any risk to
child’s cognitive development.49
Some procedures, such as nonvascularized toe-phalanx transfer, must
be performed early for optimal revascularization and subsequent
growth.6,50 Children undergoing digit-shifting procedures, such as
pollicization or cleft hand reconstruction, may benefit from early
integration of the shifted digit into evolving patterns of grasp.
Systemic consideration may cause surgery to be delayed until children
are older. For example, children with thrombocytopenia with absent radius

(TAR) syndrome have low platelet counts at birth, but these usually
gradually increase with age. Surgical reconstruction usually should be
delayed until the child’s platelet count is at least 60,000/mm3.
Centralization of the wrist, which is typically done within the first year of
life, may sometimes be delayed in these children until 3 or 4 years of age.
Decisions regarding the reconstruction or deletion of digits or digital
nubbins are best made when children are young. It is inappropriate to place
the burden for deciding whether a digit is to be deleted on an adolescent.
Parents should not be encouraged to allow children to “decide for
themselves when they are older” because this serious decision places
inappropriate pressure on adolescents.

Summary
When treating a child with a congenital hand deficiency, the surgeon is
tasked with providing an accurate diagnosis, assessing function, offering a
prognosis, and counseling the patient and family about potential surgical
and nonsurgical treatments. Most children with congenital hand
differences and deficiencies will adapt to their environment and situation
in creative and efficient ways. The role of surgeons is to identify situations
and difficulties that may be improved by either targeted use of prostheses
and assistive devices or specific goal-oriented surgical reconstructions to
improve aesthetics and function.
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Chapter 72

Transverse Deficiencies of the
Lower Limb
Michael J. Forness, DO

Abstract
Transverse deficiencies of the lower limb have multiple etiologies in the
pediatric population. The level of amputation has a dramatic effect on energy
consumption and function, and knowledge of optimal management
techniques is helpful in ensuring the best long-term outcomes. Pain and the
psychologic aspects of limb differences also may need to be addressed in the
growing child. A team approach to care that empowers the patient and his or
her family is encouraged.
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Introduction
Transverse deficiency is a term used in the International Society of
Prosthetics and Orthotics classification of limb deficiencies. It describes a
limb where the missing part of the extremity involves the entire crosssectional volume of the limb. This contrasts with a longitudinal deficiency
that involves either the medial or the lateral aspect of the limb.
A transverse deficiency can be either terminal (the most common type)
or intercalary, in which the distal part of the limb is present but the more
proximal portion is missing. An example is phocomelia. The level of the
amputation can have a dramatic effect on the ability of a patient to

participate in certain activities and on the process of energy consumption.
The level also affects the need for secondary procedures as a child grows.
The clinician must be clearly aware of potential remaining growth and
prosthetic issues to optimize both the initial surgical treatment and later
residual limb management.
Both the etiology and the extent of the deficiency on initial
presentation are major influences on the outcome of surgical management.
However, optimal management (or, contrarily, mismanagement or lessthan-optimal management) can substantially influence a child’s function
both during the growth years and into adulthood. General principles of
amputation in children are shown in Table 1.

Etiology
Acquired
Trauma
Trauma accounts for a large percentage of acquired transverse deficiencies
of the lower limb. Lawnmower injuries alone account for nearly 50% of all
amputations performed in children younger than 10 years.1-3 Small
children who are sitting in the lap of a riding mower operator may
accidentally fall and land under the mower; in other cases, the operator
may inadvertently back over a child, unaware that the child is in the
vicinity. These injuries often involve substantial bone loss, soft-tissue
destruction, and contamination. Aggressive surgical débridement is
necessary. Vacuum-assisted closure systems have been used effectively for
wounds that cannot be closed initially.4 Injuries to and the frank loss of
growth centers result in the need for multiple secondary procedures as a
child develops.
Table 1 General Principles of Amputation in Children

High-energy injuries, such as train–pedestrian or motor vehicle–
pedestrian crashes, often result in amputations. Multiple débridements are
necessary before definitive closure. These injuries may require revision
amputation to higher levels than expected because of soft-tissue and bony
destruction.5 As with lawnmower injuries, further interventions often are
needed as a child grows.
Blast injuries to the lower limbs also can result in transverse ablations.
Edwards et al6 reviewed interventions for pediatric blast injuries in
Afghanistan and Iraq between 2002 and 2010. They found that of the more
than 1,600 children reviewed, all amputations occurred in children older
than 4 years (Figure 1). Younger children appeared to sustain only central
injuries (that is, injuries to the trunk rather than injuries to a limb). In a
review of traumatic amputations at a regional level I US trauma center
hospital, gunshot wounds and dog bites (Figure 2) also were noted as
sources of amputation.3 A study by Loder7 reported that most pediatric
amputations that were related to motor-vehicle crashes occurred in
adolescents, perhaps caused by either inexperience or immaturity of
younger drivers.

Figure 1

Clinical photograph of a child with an intraabdominal injury that resulted from shelling and shrapnel. The
injury resulted in a hip disarticulation.

Electrical injuries can be problematic. Two mechanisms of electrical
action damage tissue: Electric current disrupts cell membranes, and heat
causes tissue necrosis. Tarim and Ezer8 reported that 75% of electrical
burns were high-voltage injuries that resulted in high mortality and
morbidity rates. The body is more of a conductor than a resistor, and tissue
destruction is often underestimated initially. In a severely thermally burned
patient, amputation often is a life-saving decision.9 Tissue necrosis and
sepsis are the driving factors for decision making for both thermal and
electrical burns. Adjacent growth plates can be affected in an occult
fashion, causing long-term limb-length discrepancies and/or angular
deformities.

Figure 2

Clinical photograph of a child who had a mangling
injury to the left limb from a dog bite. The limb was not
salvageable, and a transtibial amputation was performed.

Neoplasms
Prior to the advent of modern chemotherapeutic agents, amputation for a
limb malignancy was common. During the past 35 years, newer protocols
have supported limb salvage techniques. Rotationplasty and endoprosthetic
replacement are now the mainstays of treatment after the lesion is resected.
When adequate margins are not possible in limb salvage surgery for
osteogenic sarcoma or other malignancy, transfemoral or transtibial
amputation is required (Figure 3). Substantial neurovascular involvement,
poor distal limb function, failed attempts at limb salvage, or persistent
local recurrence of disease also are indications for amputation.10
Rotationplasty, a limb salvage procedure that is particularly used in very
young children, is itself a transverse intercalary amputation.
Sepsis

Nearly 50% of all meningococcemia infections in children occur in those
younger than 2 years; the peak number of cases occurs in those younger
than 4 months.11 These children often have rapidly progressive disease.
Their limbs are cool with delayed capillary refill, and tachycardia is
present. According to a series by Powars et al,12 patients with serogroup C
or purpura fulminans had a 50% fatality rate. Of the survivors, 70% had
amputations (Figure 4). Mozzo et al13 described a case of
meningococcemia and heparin-induced thrombocytopenia that resulted in
bilateral lower limb ischemia and subsequent amputations. In a review of
patients with purpura fulminans, Canavese et al14 described the incidence
of amputations and other limb deformities associated with
meningococcemia. Limb ischemia in the perinatal period can result in limb
compromise. Thromboembolic events and hypercoagulable states can lead
to arterial occlusions, including sepsis, polycythemia, and protein C
deficiency. The immature fibrinolytic system in newborns may put them at
higher risk.15 Arterial catheterization also can lead to complete
thrombosis. Blank et al16 found this to be true in 50% of the ischemic
limbs reviewed in their series.
Congenital Longitudinal Deficiencies
Transverse ablations are the time-honored treatment of two congenital
longitudinal deficiencies, complete tibial hemimelia and fibular
hemimelia, with joint disarticulations performed through the knee and the
ankle, respectively. Other treatment options have been discussed.
Depending on the severity of the deformity, these other options are
controversial. Centralization techniques of the fibula for tibial hemimelia
have been described. Complications such as knee instability, knee flexion
contractures, and extensor mechanism deficiency have been noted, and
mixed outcomes have been reported.17 Patel et al18 proposed the use of a
super ankle procedure for fibular hemimelia rather than a Syme ankle
disarticulation. Osteotomies to realign the tibial and subtalar deformities
along with soft-tissue balancing at a young age are recommended; these
procedures are then followed by tibial lengthening.
Increasingly severe deformities often require more aggressive
interventions, which can result in increased stiffness in the subtalar region
and deformed ball-and-socket ankle joints; these complications can
decrease function. In both tibial and fibular hemimelia, extensive
discussion with the child’s family should occur before treatment to

determine the family’s preference for limb-preserving treatment; options
include multiple surgical procedures and the risks of surgical morbidity
versus one index amputation procedure that requires a lifetime of
prosthetic upkeep.
More severe forms of proximal femoral focal deficiency often are
treated with a knee fusion and rotationplasty or a Syme ankle
disarticulation on the affected side. If a Syme disarticulation and a knee
fusion are the chosen procedures, an effort is made to carry out the
procedures at an appropriate age in early childhood so that the fused and
shortened femur and tibia are ultimately slightly shorter than the femur on
the opposite side. This allows for the placement of a prosthetic knee at the
same level as the unaffected contralateral side at the end of skeletal
growth.
Syndromes
A Syme ankle disarticulation is a salvage option for the treatment of
congenital pseudarthrosis with or without underlying neurofibromatosis.
Despite efforts with bone grafting, vascularized fibular grafting, and bone
transport, healing does not always ensue; thus, ablation is the best option,
especially when performed early in a child’s life. Klippel-TrénaunayWeber syndrome is a mixed vascular malformation in which the deep
venous and lymphatic structures often are deficient.19 Conservative
treatment is the primary approach to care. Ultimately, in patients with
severe gigantism or vascular compromise, amputation is necessary. This
also can be true in patients with Proteus syndrome.20

Figure 3

Images of the femur in a patient with
osteosarcoma. A, Cross-sectional axial MRI of the femur with

associated lesion. B, Postoperative AP radiograph after the
patient independently decided to have a transfemoral
amputation.

Figure 4

Clinical photograph of a young child who had
lateral transtibial amputations after a severe meningococcemia
infection.

Congenital Deficiencies
The etiology for most congenital transverse deficiencies is poorly
understood. As with many disease entities, the underlying mechanism for
the individual defects may be a combination of genetic,21 vascular, and
environmental causes. One gene that has been identified is ECSO2 on the
eighth chromosome, which causes phocomelic defects in Roberts
syndrome.22 Historically, it has been well documented that phocomelic
defects are directly linked to thalidomide, a sedative used to treat morning
sickness. Since then, data from the National Birth Defects Prevention
Study have been carefully reviewed, and correlations have been found
with other possible teratogens. Caspers et al23 studied maternal exposure
to active or passive cigarette smoke during pregnancy. They found that
cigarette smoke is a potential agent that affects limb and digit formation.

Terminal transverse limb deficiencies were correlated with smoke
exposure. In addition, Hernandez et al24 reported a small to moderate
increased risk of transverse limb deficiencies with the maternal use of
ibuprofen, aspirin, and naproxen in the first trimester.

Figure 5

Clinical dorsal (A) and anterior (B) photographic
views of a child with amniotic banding of both lower limbs. The
left leg has soft-tissue involvement that was easily treated. The
right leg had transtibial autoamputation. Because of the very
narrow residuum, prosthetic fitting was problematic.

Amniotic band syndrome (Streeter dysplasia) is another source of
transverse amputation. The lesions can vary from a simple band around the
limb, which causes no substantial deficit, to complete vascular obstruction
that necessitates the removal of the compromised distal segment or even
the entire limb (Figure 5). Amniotic band syndrome can be detected in
utero by ultrasound. Javadian et al25 reported cases from their own center
and a review of the literature. With fetoscopic surgery, they found a limb
function rate of preservation equal to 50%.

Categories
In 1961, Frantz and O’Rahilly26 devised a classification system for
congenital limb anomalies. The nomenclature from this system is still used
in longitudinal deficiencies but has not been as well accepted in transverse
lesions. In the early 1970s in Dundee, Scotland, a group met to develop a
system that would gain wider acceptance. Out of this work, the
International Organization for Standardization (ISO) system for congenital
limb anomalies was developed. This system has been adopted in Europe

and may be more appropriate for transverse deficiencies.27 However, the
terms phocomelia (flipper-like limb) and intercalary are still currently used
in many practices.

Transverse Terminal
A transverse terminal limb is essentially a normal limb; it has a discrete
end, beyond which are no more skeletal components. There may be softtissue nubbins but no bone. The ISO system describes total transverse loss
at the pelvis, thigh, or leg. The thigh and leg are subdivided into upper,
middle, and lower third deficiencies.

Transverse Intercalary
Using both old and new terminology, a transverse intercalary limb
represents a missing segment of a limb between the proximal and distal
portions. Phocomelia is a deficiency defined as the absence of the leg, with
the foot attached directly to the pelvis (Figure 6). Intercalary deficiencies
involve absence of the thigh, with the leg and foot attached to the pelvis, or
absence of the leg, with the foot attached to the end of the thigh (Figure
7). A rotationplasty involves a form of acquired transverse intercalary
deficiency. The knee, including the distal femur and the proximal tibia, is
removed in an oncologic procedure, after which the femur and the tibia are
reapproximated in the newly rotated position.

Figure 6

Clinical photograph of a child with bilateral lower
limb phocomelia.

Level
Foot
Congenital transverse amputations can occur at the forefoot, the Lisfranc,
or the Chopart levels. After trauma, it is appropriate to maintain as much
viable tissue as possible. In a growing child, there is a tremendous capacity
for healing and remodeling. Immediate revision to the traditional adult
midtarsal or tarsal metatarsal levels may be counterproductive to achieving
maximal function. Revision surgery can be considered at a later date when
the entire treatment team, including the patient, can be involved in the
decision-making process.

Syme Ankle Disarticulation
The Syme disarticulation involves removing the foot through the ankle
while retaining the heel pad for weight bearing. This procedure often is
used for the treatment of congenital longitudinal deficiency of the fibula
(fibular hemimelia) or recalcitrant pseudarthrosis of the tibia. Posterior
slippage of the heel pad can be problematic. The advantage of a Syme
ankle disarticulation is that it is end-bearing. In a child, the Syme

amputation is a true disarticulation, with both the distal tibial and fibular
growth plates left intact. This allows normal subsequent growth and,
importantly, prevents stump overgrowth. It also allows for excellent
prosthetic fit and function. A Boyd amputation involves fusing a portion of
the calcaneus to the tibia. It allows for more length, but malunion can be
an issue. In addition, this amputation level limits the space available for
prosthetic components, unless further limb shortening is anticipated with
differential growth.

Figure 7

Clinical photograph of an infant with bilateral
intercalary defects of the lower limbs. The feet are attached to
the end of the thighs.

Transtibial Amputation
A transtibial amputation often is performed in a nonelective situation, such
as trauma, or for the treatment of disease when a more distal level is not
possible. In a child, a transtibial amputation should be avoided because of
multiple issues, such as bony overgrowth and difficulty in prosthetic
fitting. Osseous overgrowth has been well described.28,29 Compared with

diaphyseal amputations, overgrowth is slightly more likely to develop in a
metaphyseal amputation (45% versus 50%, respectively). Endosteal bone
combined with periosteum-derived bone creates the overgrowth.30 Bursae,
cysts, and frank ulcerations can develop at the overgrowth site.
Ranade et al31 described angular deformity. In their study, deformity
in either the coronal or sagittal planes or both developed in more than onethird of the patients. Treatment often consisted of osteotomies or
lengthening and realignment. Patella alta and even patellar dislocation
associated with transtibial amputations have been reported in the
literature.32,33 One-third of the children in a study by Mowery et al33 had
patella alta, a positive apprehension test, and dislocations. The authors
postulated that the patellar tendon weight-bearing prosthesis may
eventually cause the patellar tendon to stretch out and predispose the
patient to subluxation or dislocation. Mowery et al33 recommended
distributing the weight bearing area of the prosthesis over a larger area of
the knee to prevent this problem. In terms of energy consumption,
increased proximal muscle activity has been shown to compensate for the
loss of plantar flexion power in a transtibial amputation, specifically hip
extensor strength.34

Knee Disarticulation
A knee disarticulation allows for end-bearing weight with a prosthetic
limb. The growth plate is intact, which decreases limb-length discrepancy
at maturity. Bony overgrowth is therefore not an issue. Fitting with a
prosthetic knee may be more difficult in a unilateral situation. Careful
timing with an epiphysiodesis of the distal femur of the involved limb or
even a shortening osteotomy (removing a section of the diaphysis) may be
important to keep the intact knee and the prosthetic knee at the same
height at the end of growth.
Function and energy consumption are affected by the level of
amputation. Waters et al35 demonstrated that performance decreases but
oxygen consumption increases with each proximal level of amputation.
The authors also showed that the rate of oxygen consumption did not
depend on the amputation level, which is an apparent paradox. They found
that amputees decrease their customary walking speed with each higher
level of amputation in an effort to keep oxygen consumption constant. This
finding correlated well with a study by James36 that concluded that
amputees seem to spontaneously choose a gait with the same power cost as

a nonamputee—hence a slower speed. A study specifically in children by
Herbert et al37 demonstrated that oxygen consumption was 15% greater in
a child with a transtibial amputation than in a child without an amputation.
Despite this fact, the customary walking speed in children with a
transtibial amputation was not slower than that of their peers. Furthermore,
the heart rate of these children did not increase. Jeans et al,38 however,
demonstrated that children with a Syme ankle disarticulation, a transtibial
amputation, or a knee disarticulation walked with essentially the same
speed and oxygen cost as children with two intact lower limbs.

Transfemoral Amputation
A transfemoral amputation is performed when a more distal level of
resection is not possible. Bony overgrowth and prosthetic fitting can be
issues. The latter is made worse the more proximal the ablation. In
addition, in a growing child, loss of the distal femoral growth plate may
make limb-length discrepancy much worse at maturity, resulting in a
shorter femoral lever arm than expected. Every effort should be made to
preserve the distal femoral growth plate in very young children and
infants; otherwise, a very short femoral segment at skeletal maturity would
allow for only a hip disarticulation–like prosthetic fitting.
Patients with transfemoral amputations recruit trunk musculature in
gait. Upper body angular range of motion increases as velocity
decreases.39 Bell et al40 found that patients with longer residual femurs
after amputation had a faster self-selected walking velocity. In a study of
13 young amputees, Baum et al41 found that if the length of the remaining
femur was at least 57% of the unaffected femur, length did not
dramatically affect gait.
In a 2011 study, Jeans et al38 reported that children with transfemoral
amputations and hip disarticulations had a reduction of normal walking
speed equal to 80% and 72%, respectively, and a VO2 cost of 151% and
161%, respectively. Hip disarticulation further compromises gait
efficiency. Compared with a control group, Nowroozi et al42 demonstrated
a further decrease in comfortable walking speed to 61%. The patients with
hip disarticulation were able to maintain a relatively constant energy cost.
Transfemoral amputations increase energy consumption and decrease
function. Stability and proprioception are compromised.43 The unaffected
leg in a unilateral amputee must assume compensatory tasks in both the
stance and swing phases of gait. Aerobic conditioning has been shown to

decrease oxygen consumption and improve the overall economy of
walking in those with lower limb amputation.44

Hip Disarticulation
Hip disarticulation is seen in the treatment of severe traumatic situations,
life-threatening infections, and oncologic lesions. Prosthetic fitting is much
more challenging and often uncomfortable. Energy consumption is nearly
twice that of normal consumption. Gait analysis can play an important role
in clarifying pathologic factors in prosthetic gait and subsequently help
select from among available interventions for treatment.45 For example,
following the placement of the prosthesis, decreased stance phase time and
increased swing phase duration are noted to a greater extent in patients
with transfemoral amputations and hip disarticulations.46 Two studies
have demonstrated increased abduction moments in the hip and the knee of
the unaffected leg or decreased moments on the affected side.47,48
Nadollek et al49 reported that increasing hip abductor strength on the side
of the amputation could increase weight bearing or stance phase time on
that side.

Other Considerations
Pain and Phantom Sensation
Pain and phantom sensation after amputation are common problems. To
offer effective treatment in any patient, three types of sensory phenomena
need to be differentiated: phantom sensation; phantom limb pain; and
residual limb pain, including reflex sympathetic dystrophy. Phantom
sensation is a patient’s sense that the amputated limb is still present and
includes nonpainful sensations such as itching or pressure. It occurs in
nearly all patients with amputations and tends to resolve with time.50
Phantom pain is pain in the limb that is not there. Proximal amputations
have a higher rate of phantom pain than distal amputations. Melzack et
al51 reported a 42% rate of phantom limb pain at long-term follow-up. In a
more recent study involving children and young adults, pain was prevalent
76% of the time in the first year after oncologic amputation but only 10%
of the time thereafter.52 Patients with electrical burn injuries have had a
higher rate of phantom pain than patients with amputations secondary to
thermal burns.53 In nontraumatic situations, an epidural block initiated
before elective amputation has been helpful in reducing phantom pain.54

Residual limb pain originates from the remaining portion of the limb. The
etiology for this type of pain can be scarring; bursal pain; pain generated
from the prosthesis; neurogenic causes, including neuromas; and other
sources.55 Reflex sympathetic dystrophy in children also can be an issue.
The overwhelming causes of pain in the residual limb are distal bone
overgrowth or poor prosthetic fitting.

Psychological Concerns
More attention has been paid during the past few decades to the
psychological aspect of limb deficiency in the growing child. Children
tend to understand that they are different before they understand the
disability itself. Discussions at home are noted to be very important to a
child’s understanding of his or her disability. Interestingly, in a study by
Dunn et al,56 27% of families reported no such discussions. Adolescence
can be a particularly difficult time for dealing with limb absence. Clinical
follow-up visits at this age may have less orthopaedic relevance because
growth is leveling off, but psychological issues may have greater
importance. Wallace et al57 noted a high degree of resiliency in response
to patient experiences. The focus of their study was related to appearance
changes in postmeningococcal septicemia, in which amputations and
substantial extremity scarring occurs. The authors also noted the
importance of long-term support for emotional and psychological
adjustment to a new body image.

Summary
Transverse deficiencies have several etiologies that must be clearly
understood in a growing child. It is important to consider the potential for
growth disparity, pain management, energy consumption, and prosthetic
fitting. As much limb length as possible should be maintained. Preserving
the distal femoral growth plate in the young child is paramount to decrease
long-term limb-length discrepancy. Saving the knee joint preserves
function, proprioception, and energy. End-bearing amputations rather than
transosseous amputations avoid issues such as bony overgrowth and
improve end–weight bearing.
It is critical to keep the family informed and to progressively educate
the child on the best methods of dealing with his or her limb deficiency.
Including the family and child on the treatment team empowers the family

when difficult decisions arise. Sports and recreational activities can foster
overall development and help achieve the goals of assisting the child to
become as active and functional as possible.
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Congenital Longitudinal
Deficiency of the Fibula
Michael Schmitz, MD Brian J. Giavedoni, MBA, CP, LP

Abstract
Fibular deficiency is a spectrum of disease manifested as congenital
longitudinal abnormality of the fibula with associated abnormalities of the
surrounding joints and musculature. The etiology is unknown. The clinical
status of the foot and overall limb-length discrepancy, which are expressed
as a percentage, are predictive for treatment pathways of amputation and
reconstruction for prosthesis wear or limb salvage with lengthening and
reconstruction.
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Introduction
Congenital longitudinal deficiency of the fibula, or fibular hemimelia (as
the condition is frequently called), is also described as postaxial deficiency
of the lower limb. The latter term most accurately describes the actual
condition because the entire lateral (postaxial) aspect of the limb is
affected to various degrees (Figures 1 and 2). At a minimum, the limb
manifests a mild degree of fibular dysplasia, a ball-and-socket ankle joint,
a lax (dysplastic) anterior cruciate ligament, and a mildly hypoplastic

lateral femoral condyle. On the other end of the spectrum is femoral
deficiency; a hypoplastic lateral femoral condyle with knee valgus;
femoral retroversion; complete absence of the cruciate ligaments; complete
absence of the fibula; a shortened, bowed tibia; equinovalgus deformity of
the ankle; and a dysplastic foot with absent lateral rays and hindfoot and
tarsal coalitions.
This chapter focuses on the various presentations of congenital fibular
deficiencies, including classification systems; factors that influence the
choice and types of treatment; and prosthetic consideration for patients
treated with foot ablation.

Incidence
Fibular deficiency is the most common hemimelia, with an incidence of
5.7 to 20 cases per 1 million births.1-3 The deficiency is twice as common
in males as in females, and it can be unilateral (usually right side) or
bilateral.4

Etiology
Various mechanisms, including absence of the anterior tibial artery,
defects in muscle development, disruption of the apical ectodermal ridge
expression, and developmental field defects have been proposed as
etiologic factors.1,5-7 At present, however, the etiology remains unknown.
Most cases of fibular deficiency are sporadic, but in some instances a
syndrome is associated with the deficiency.3 Fibular aplasia, tibial
camptomelia, and oligodactyly syndrome (FATCO); Fuhrmann syndrome;
and femur-fibula-ulna complex are syndromes with multifocal skeletal
abnormalities, including variable fibular deficiency.8-10

Associated Abnormalities
The spectrum of fibular deficiency includes varying degrees of
musculoskeletal abnormalities that can involve the pelvis, femur, knee,
tibia, ankle, and foot.11 It is important for the clinician to look for and
identify all the associated deficiencies, because they can often have a
substantial influence on treatment decisions.12-15 The most common
femoral abnormalities are proximal femoral focal deficiency, congenital

short femur, and congenital coxa vara.13,14 Distal femoral valgus can lead
to genu valgum, which can be associated with lateral patellar
subluxation.14 The cruciate ligaments are often absent, with laxity
demonstrable on physical examination but rarely resulting in functional
instability.14 Foot abnormalities include a ball-and-socket ankle joint,
tarsal coalitions, and absent lateral rays.16,17The tibia can be dysplastic or
bowed, possibly secondary to a residual fibrotic fibula that has restricted
normal growth.1
In addition, the upper limb may be involved, with disorders ranging
from syndactyly to a hypoplastic or dysplastic ulna.12,18,19 Although
upper limb abnormalities do not affect ambulation, they can limit donning
and doffing capability of lower limb prostheses. In patients with bilateral
upper limb abnormalities, the feet may be required for prehension.

Figure 1

Radiographs from a child with a longitudinal
deficiency of the fibula. A, AP view of the fibular length
deficiency and ankle abnormality. B, The lateral view shows the
anterior tibial bow and complete tarsal coalition.

Classification
A good classification system should aid the clinician in choosing the most
effective interventions for a given problem, provide information useful for
counseling the patient and parents regarding the diagnosis, and serve as a
basis for future studies of the patient population. Ideally, the classification
system should further define the deficiency with variables that are known
to affect outcomes and help identify effective interventions. The
identification of these determinant variables must be reproducible to allow
researchers to appropriately define populations for study. The variables
that have the greatest effect on outcome in fibular deficiency are limblength discrepancy, ankle function, foot function, and the presence and
extent of upper limb abnormalities.
The classification system of Coventry and Johnson,20 which does not
address function, is based on the radiographic appearance of the fibula and
the presence of associated abnormalities. Congenital deficiencies of the
fibula are divided into three main types. Type I involves a unilateral
deficiency with a hypoplastic fibula, no foot involvement, and a substantial
limb-length discrepancy. Type II is a unilateral abnormality, with nearly
complete or complete absence of the fibula. Type III, is a bilateral
abnormality, with complete absence of the fibula and a proximal femoral
focal deficiency or upper limb involvement or involvement of the
contralateral foot or tibia.20
Achterman and Kalamachi21 presented a simplified classification
system based only on the radiographic appearance of the fibula. It is most
applicable in retrospective evaluations when only radiographs are available
for review. In type IA abnormalities, the entire fibula is present but
dysplastic, and in type 1B there is a partial absence of the proximal fibula,
and the distal fibula does not support the ankle. A type II abnormality is
characterized by complete absence of the fibula. The authors recommend
limb-length equalization for nearly normal fibulae (type IA) and early
amputation for fibular absence or deficiency associated with an unstable
ankle (types IB and II).

Figure 2

AP radiograph of the lower limbs of a child with a
mild limb-length discrepancy and a ball-and-socket ankle joint,
which is typical in patients with mild deficiencies.

Birch et al22 reported on a retrospective review of 104 patients with
fibular deficiencies treated at one institution between 1971 and 2005. The
authors concluded that both the Coventry and Johnson and the Achterman
and Kalamachi systems had poor predictive value regarding treatment. In
addition, the authors found that femoral shortening affected the overall
treatment plan in more than 80% of the patients. As surgeons became more
proficient at lengthening procedures and reconstruction, classification
systems based on functional determinants were needed. Birch et al22
proposed a simplified classification system based on the clinical status of
the foot, with the overall limb-length discrepancy expressed as a
percentage (Table 1). This system allows classification of a fibular
deficiency at birth and was found to more accurately predict management
of the condition in patients treated at the Texas Scottish Rite Hospital for
Children in Dallas, Texas.

Table 1 Classification of Congenital Longitudinal Deficiency of the
Fibula by Birch et al22

Clinical Findings
The deficiency is usually apparent at birth and manifests as variable
shortening of the fibula and an equinovalgus foot with a stiff hindfoot.
There may be associated shortening of the femur and the tibia with apex
anterior angulation and an anterior skin dimple over the apex. Frequently,
lateral rays of the foot are missing and there is syndactylization of the toes
(Figure 3). The patient should be fully examined to assess upper limb
abnormalities as well as contralateral deficiencies. Radiographs of the
bilateral lower limbs should be obtained, with a ruler placed to allow
assessment of the percentage of total limb-length inequality and angular
deformity.

Treatment
Treatment of a fibular deficiency is directed toward optimizing the
function of the affected limb to allow the child’s development to parallel
that of an unaffected child to the extent possible. An accurate assessment
of the determinate variables of total limb-length discrepancy, ankle
function, foot function, hip and knee stability and function, bilateral
involvement, and upper limb function will allow the clinician to develop a
management plan. Treatment options include no treatment or only a shoe
lift or foot orthosis in very mild cases; surgical restoration of the limb
using foot stabilization and limb equalization techniques; and restoring use

of the limb with the aid of a prosthesis, usually after foot ablation.
The treatment options, indications, risks, and benefits should be
discussed early with the child’s parents, because some decisions may be
necessary before the child is able to participate in the decision-making
process.23

Factors in Decision Making
Historically, treatment decisions were based on the radiographic
appearance of the fibula and the presence of associated
abnormalities.20,21,23 Relative preservation of the fibula was seen as an
indication for lengthening and reconstruction, whereas an absent fibula
was an indication for foot ablation and prosthetic fitting. Bilateral
involvement often did not require limb-length equalization, but it could
necessitate treatment to create a functional foot (Figure 4). The potential
for foot substitution for absent hand prehension was seen as a relative
contraindication for foot ablation. In a 2011 study, Birch et al22
demonstrated that the radiographic appearance of the fibula was not a good
factor for determining a treatment plan. The presence of a salvageable foot
(defined as a painless, plantigrade foot able to support weight bearing with
or without reconstructive procedures) and the percentage of the total limblength discrepancy were more appropriate factors to consider in the choice
of amputation or limb salvage treatment for children with congenital
fibular deficiency.

Figure 3

Clinical photograph of an infant with a fibular
deficiency. Note dimpling of skin over the apex of the anterior
tibial bow, the equinovalgus foot, and the absent lateral rays.

Advancements in limb-lengthening and reconstruction techniques offer
viable limb salvage options for patients with congenital fibular
deficiencies.23-28 A plantigrade, painless foot that can function as a
support, a limb length that can be equalized, and a stable hip and knee are
requirements when considering limb salvage. If surgical reconstruction is
the best option, foot ablation and prosthetic fitting involves only one
surgical procedure and one hospital stay to correct the foot, ankle, and
limb-length deformity, which is then followed at an appropriate time by a
prosthetic fitting. Comparisons of reconstruction and amputation outcomes

show that the treatment options achieve nearly equivalent functional
results, but patients treated with limb lengthening require more surgical
procedures and hospitalizations, incur higher medical costs, and have more
complications.26,29 However, randomized or matched group comparisons
have not been completed, and considerable variation exists in
reconstruction techniques. Generally, the indications or contraindications
for reconstruction or amputation are based on relative factors. Good fibular
length and foot preservation suggest reconstruction, whereas the lack of a
fibula or poor fibular length or the lack of a functional foot are relative
indications for amputation.22,25,29 If the patient has associated upper limb
functional deficits requiring foot substitution for prehensile function, early
amputation should be avoided.

Figure 4

Postoperative sitting (A) and standing (B)
photographs of a child with bilateral fibular deficiency. After
Achilles lengthening, the child had functional, braceable,
plantigrade feet.

Figure 5

AP (A) and lateral (B) intraoperative fluoroscopic
images of a complete fibular deficiency treated with a Syme
ankle disarticulation and a tibial osteotomy secured with a
temporary percutaneous Kirschner wire. The wire will be
removed after the osteotomy has healed.

Surgical Procedures
Foot ablation can be accomplished with either a Syme ankle disarticulation
or Boyd amputation.15,26,29 Tibial angular deformity can be addressed at
the time of the procedure with an osteotomy, and a removable pin can be
used for fixation (Figure 5). A Syme ankle disarticulation can be
associated with migration of the heel pad and growth of an inadvertently
retained calcaneal apophysis that requires subsequent resection.15 Because
the Syme procedure is a true disarticulation, the whole calcaneus,
including the apophysis, must be removed, and the distal Achilles tendon
must be widely sectioned to avoid heel pad migration. Comparisons of
patients treated with Syme disarticulations and Boyd amputations show
fewer complications with the Boyd procedure.15 However, a Syme ankle
disarticulation offers excellent long-term outcomes, allows greater
variability in prosthetic design, and is more easily performed in patients
with extreme hindfoot equinus.30,31 Angular deformities of the tibia or
femur at the knee may require later treatment with hemiepiphyseal stapling

or osteotomy.14,15,22
Limb salvage requires procedures to create a plantigrade, painless foot
and equalized limb lengths and to correct angular deformities. These
procedures may include Achilles lengthening, peroneal lengthening, a
hindfoot osteotomy to neutralize the hindfoot, and metatarsal osteotomies
to allow shoe wear. Lengthening can be accomplished through the tibia,
femur, or both, and can be performed concurrently with angular correction
of both the tibia and femur. Complications increase as the magnitude of
the lengthening increases.32 Complications range from minor difficulties,
such as pin tract infections, to major problems such as hip and knee
subluxation and dislocation, nonunion, and substantial joint stiffness.33
Limb-length discrepancies of less than 6% can be treated with a lift or
epiphysiodesis, whereas discrepancies of 6% to 10% require an
epiphysiodesis or single-stage lengthening.22 Limb-length discrepancies of
11% to 30% require at least one lengthening procedure and may require
two procedures or a bifocal lengthening. Patients with a discrepancy of
more than 30% will require extensive lengthening, and they may be best
treated with amputation and prosthetic fitting.13,15,22,24,25

Prosthetic Considerations
The common adage that “children are not small adults” should be
recognized when considering the design of a prosthesis for a child.
Function and the ability to undergo change to accommodate growth are the
two most important prosthetic considerations for pediatric amputees.
The first prosthetic socket, which often uses a sleeve for suspension,
should be easy for the parents to put on the child; comfortable; and not
overly modified, so that the child’s pending physiologic growth can be
accommodated. To allow the socket design to take advantage of the
difference between the widest aspect of the malleoli and the area just
proximal to it for suspension purposes, surgical shaving or remodeling of
the malleoli is strongly discouraged. The circumferential difference
between these two landmarks determines the design of the socket. The
smaller the difference in these two dimensions, the more likely that the
prosthesis will require secondary suspension. The greater the difference in
the dimensions, the more likely that the design will involve some sort of
anatomically self-suspending socket, with an extreme design using an
obturator, an opening, or a door that will allow passage of the residual

limb.
A child treated with a Syme ankle disarticulation may be able to bear
weight distally; however, achieving space for a prosthetic foot is
challenging. Many prosthetic feet will fit using either a Syme plate to
attach to the socket or a very short lamination core. Generally, 6 cm is the
minimum amount of clearance needed for a basic prosthetic foot. The
greater the technology and functional ability of a prosthetic foot, the more
space that is required for the foot. In a Boyd amputation, the calcaneus
remains intact and is fused to the tibia. This results in an amputation that is
longer than a Syme disarticulation and much more challenging to
accommodate with a prosthetic foot because there is almost no clearance.
Anterior tibial bowing found in longitudinal deficiency of the fibula
usually must be accommodated because most children and adults have a
relatively low pain threshold for pressure on the tibial crest. In many
patients, mild bowing can be accommodated with the prosthesis. If bowing
is more severe, bone straightening should be considered. A tibial
osteotomy to straighten the bone can be performed during the foot ablation
procedure at the pull-to-stand stage of development in a child. Placement
of the prosthetic foot is very challenging in a patient with severe tibial
bowing. As the tibia grows, the aspect distal to the apex of the bow
continues to grow or migrate posteriorly, making correct placement of the
foot more difficult.
One type of prosthetic design incorporates a full foam liner with inner
diameters matching the contours of the limb anatomy and a uniform outer
diameter that has been built up to the same circumference as the distal
bulbous heel. A laminated shell is then formed over this insert (Figure 6,
A). The patient dons the liner first. When required, a slit in the liner can
facilitate adequate defection of the material to allow the passage of the
bulbous distal aspect of the limb through the narrow bottleneck of the
liner. When the liner is fully donned, it is slipped into the laminated outer
receptacle. An atrophied residual limb with a small heel pad is best suited
for this type of design, and a good degree of cosmetic restoration can be
expected.
Another design is a silicone or bladder prosthesis that uses an inner
elastic area that stretches to permit passage of the bulbous end of the
residual limb (Figure 6, B). A third type of design, a prosthesis with an
obturator or a medial opening, is recommended only when absolutely
necessary (Figure 6, C). This design is appropriate when the distal end of

the residual limb is large and the medial malleolus is prominent. Because
of the inherent weaknesses in the design, catastrophic failure along the
distal aspect of the opening is a common occurrence. Although these
various designs are not uniquely used for pediatric patients, they are used
to a greater extent in pediatric prosthetic designs than in adult designs.
As a child’s longitudinal growth continues, the limb generally tends to
become slimmer. The design of the socket for pediatric patients must be
able to change with their physiologic growth.34 Because pediatric socket
designs must allow for continued adjustments to compensate for the
growing limb, component choices are restricted to feet that will allow
reasonable vertical growth compensation so that a level pelvis can be
maintained throughout the period of routine height adjustments. For
example, the prosthetic foot shown in Figure 7 contains an inner carbon
section and an outer shell that replicates an anatomic foot. The shell can be
exchanged up to three foot sizes before it is necessary to change the inner
carbon section. In addition, longitudinal growth is accommodated by
placing “growth” plates between the foot and the socket, up to several
centimeters. This facilitates all possible growth challenges and extends the
time a child can remain in the same prosthesis, provided that the socket fit
is comfortable and protective.

Figure 6

Illustrations of different types of Syme-level
prostheses. A, Prothesis with segmented pelite liner that allows
donning of the liner over the bulbous end, which is then
inserted into the outer socket to lock the residual limb into the
prosthesis. B, Prosthesis with bladder design that allows
insertion of the bulbous end into the prosthesis, with the
silicone bladder expanding into a hollow air chamber and then
constricting back onto the residual limb. C, Prosthesis with
lateral obturator (door) that is removed to allow passage of the
bulbous end and then is locked back into place to secure the
limb. (Adapted from Morrissy RT, Giavedoni B, Coulter C: The
limb deficiency child, in Morrissy RT, Weinstein SL: Pediatric
Orthopaedics. Philadelphia, PA, Lippincott, 2001, vol 2, pp
1218-1272.)

Figure 7

The Truper (College Park Industries) multiaxial foot
accommodates spacer disks that allow the prosthesis to be
lengthened in increments.

Figure 8

Clinical photograph of the limb of a patient with a
fibular deficiency. The clearly marked patella alta with lateral
patellar subluxation and severe genu valgum pose increased
challenges to prosthetic socket design.

The prosthesis has a high medial and lateral proximal brim, similar to
the supracondylar suspension design. The contours of the proximal brim
are equal in height to a supracondylar brim without the contouring
required for suspension. This helps to better control medial and lateral
instability of the knee and affords added protection. This design also
allows the proximal brim to better contain a growing limb and maximizes
the amount of time the child can use the same socket. In most cases, a
well-designed prosthesis can remain functional from 12 to 14 months,
depending on the child’s rate of growth. Component failure caused by
normal wear and tear is more common in pediatric prostheses than in
comparable adult devices.
Genu valgum and knee laxity are two common comorbidities that pose
a considerable challenge to prosthetic fitting in a child with a longitudinal
fibular deficiency who has undergone a foot ablation (Figure 8).
Prosthesis alignment must follow biomechanical principles for optimal
functional outcomes. Increasing the height of the medial and lateral socket
walls will afford additional control and protection to the knee. Foot
placement (Figure 9) is routinely inset so that the ground reaction force
falls through the center of the knee to reduce any additional stresses that
otherwise would be present.35

Figure 9

Anterior (A) and posterior (B) clinical photographs
demonstrate that proper foot alignment can accommodate
angular issues in a patient with a fibular deficiency. Note that
foot placement for the child with a fibular deficiency should
always reduce or eliminate any mediolateral moments around
the knee to help preserve and protect an otherwise vulnerable
structure.

By understanding the anatomic differences of congenital longitudinal
fibular deficiencies contrasted to the traumatic Syme ankle
disarticulations, the prosthetist can better fit and adjust alignment
expectations for optimal outcomes. Medial whips in the prosthesis are
unavoidable because of the valgus deformity of the knee, and femoral
hypoplasia must be taken into consideration for attaining a level pelvis in
the prosthesis. Prosthetic fit should be comfortable while maintaining a
balance between intimate fit and reasonable growth potential before the
child or teen requires a new prosthesis. Above all, anticipating future
needs and maximizing outcomes prior to skeletal maturity is an ongoing

challenge with the pediatric patient.

Summary
Fibular deficiency is a spectrum of disease affecting limb length, knee
stability, and ankle and foot function. These factors, in addition to other
associated abnormalities, including bilaterality and upper limb
dysfunction, must be considered before embarking on the treatment
pathways of amputation and prosthetic fitting or lengthening and
reconstruction. Treatment goals are the achievement of equal limb lengths,
painless and functional knee and ankle joints, a plantigrade foot, and an
appropriate mechanical axis. Amputation and prosthetic fitting is an
excellent option to attain these goals but requires reliance on a prosthetic
device. Limb lengthening and reconstruction can obtain these goals and
obviate the need for a prosthesis but usually do not result in a better
functioning limb.
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Congenital Longitudinal
Deficiency of the Tibia
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Abstract
Congenital deficiency of the tibia or tibial hemimelia is characterized by
partial or complete absence of the tibia. Many of these patients have other
associated anomalies. Although the true incidence of this condition is
unknown, it has a bilateral presentation in approximately 30% of patients.
Treatment varies depending on the amount of tibia that is absent and the
presence or absence of the extensor mechanism.
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Introduction
Congenital longitudinal deficiency of the tibia is the term used to describe
a longitudinal deficiency of the tibial (medial) side of the lower limb. The
tibia and the medial aspect of the foot are involved to various degrees. This
condition has been known by many names in the literature, including tibial
hemimelia, tibial meromelia, tibial anomaly, congenital tibial absence,
congenital aplasia/dysplasia of the tibia, and congenital preaxial deficiency
of the lower extremity.1-3 The two most frequent terms used in modern
literature and practice are congenital longitudinal deficiency of the tibia
and tibial hemimelia.

Congenital longitudinal deficiency of the tibia is defined as partial or
complete absence of the tibia, with a relatively unaffected fibula.
Associated limb anomalies that occur in conjunction with the tibial
deficiency include varying degrees of limb shortening, an equinovarus
foot, knee joint abnormalities, and longitudinal deficiencies of the foot.4-7
Frequently, there is bilateral involvement (up to 30% in some case series),
and patients may have other limb anomalies such as proximal femoral
focal deficiency (PFFD), a lobster claw hand deformity, or radial
longitudinal deficiency of the upper limbs. The incidence of longitudinal
congenital deficiency of the tibia has historically been estimated as 1 in 1
million live births in the United States,8 but the true current incidence of
the disease has not been reported. The database of the National Center on
Birth Defects and Developmental Disabilities of The Centers for Disease
Control and Prevention groups all limb deficiencies into either upper or
lower limb deficiencies. The annual incidence of reduction deformity in
the lower limbs is approximately 2 in 12,000 births; however, further data
identifying only tibial deficiencies are unavailable.9

Clinical Presentation
In some instances, congenital longitudinal deficiency of the tibia can be
difficult to distinguish from the much more common fibular deficiency,
especially because it is difficult to precisely palpate and differentiate the
soft, cartilaginous tibia and fibula in a small infant. The best clinical clue
is that patients with a fibular deficiency always have an equinovalgus foot
deformity, whereas patients with tibial deficiency always have an
equinovarus foot deformity6,10 (Figure 1). If there are associated ray
abnormalities in the foot, patients with fibular deficiencies will have lateral
ray deformities or deficiencies, and patients with tibial deficiencies will
have medial ray deformities or deficiencies. The knee should be evaluated
for the presence of a palpable patella and quadriceps and a patella tendon.
It should also be determined if there is active extension of the knee
because this will guide surgical decision making.

History
Otto is widely accepted as the first person to report on a patient with tibial
hemimelia in the English literature in 1841.1 In 1877, Albert described the

transference of the fibula to the distal aspect of the femur to create a
fibulofemoral arthrodesis. In the early 1900s, Myers1 described fibular
transfer to re-create a knee joint. Helferich, Patrona, Motta, Busachi, and
Joachimstal all individually reported single procedures in which they made
slight modification to Albert’s described procedure to achieve a
fibulofemoral arthrodesis.1 Brown11 was the first to report on a series of
three patients in which he performed a fibulofemoral transfer to re-create
the knee joint.

Figure 1

Clinical photograph of a 3-month-old infant with an
absent tibia shows the typical equinovarus position of the foot.
Note the dimpling along the medial border of the missing tibia.

In 1961, Frantz and O’Rahilly12 were the first to attempt to define a
unified language to describe all limb deficiencies. Jones et al13 were the
first to create a classification system designed specifically to distinguish
types of tibial deficiencies (known as the Jones classification). In an effort

to create a classification system that would help dictate potential surgical
interventions, Kalamchi and Dawe7 modified the Jones classification
scheme.
After Brown11 first described his fibular transfer technique in 1965, a
substantial number of articles regarding tibial hemimelia were published
until the early 1980s. By the early 1980s, some authors estimated there
were up to 300 reported cases of the deficiency.3 Since the 1980s, there
have been relatively few articles published regarding this deficiency, and
most of the current literature focuses on the genetic aspects of the disorder.
Tibial hemimelia is unique among congenital limb deficiencies because it
is genetically transmitted in a substantial number of patients.3 For
example, bilateral tibial deficiency associated with central cleft defect is
inherited as an autosomal dominant condition.

Classification
The ideal classification system for congenital longitudinal deficiency of
the tibia would incorporate treatment guidelines, help determine a
prognosis, and aid in future research. The classification system would
categorize the deficiency by the variables known to affect the patient’s
outcome and help identify potential interventions.
In tibial deficiencies, quadriceps function and strength, the length of
the tibial remnant, the degree of ankle joint and foot involvement, and any
associated musculoskeletal anomalies help determine potential
interventions and can affect the patient’s overall outcome.6,14 The Jones
classification system, which was published in 1978, remains the most
widely used system to describe tibial deficiencies.13 This system,
however, is based on radiographic appearance and does not incorporate
any of the variables known to influence patient outcomes. The
classification system developed by Kalamchi and Dawe7 attempts to
incorporate some clinical factors in the classification scheme, but this
system is less widely used by clinicians. Most recently, Weber15
developed a classification and scoring system, but it is a rather detailed
system and has not achieved wide popularity among clinicians.

Jones System
In the Jones classification system, groups are separated by radiographic
appearance.13 In type 1 deficiencies, the tibia is not visible on radiographs.

In type 1a deficiencies, the proximal tibia is completely absent, and the
distal femoral epiphysis is hypoplastic. In type 1b deficiencies, the
proximal tibia is absent on radiographs, but unossified small tibial
cartilaginous anlage can be viewed by ultrasound, arthrogram, and MRI or
can be appreciated on surgical dissection. The most distinguishing
radiographic characteristic between type 1a and type 1b deficiencies is the
normal distal femoral epiphysis in a type 1b deficiency. Williams et al4
performed surgical dissections on several patients classified as having a
type 1b deficiency and found no tibial anlage despite that finding in the
patient cohort used to create the Jones classification in which all type 1b
patients had a tibial anlage on surgical exploration.13 An additional
distinguishing feature between Jones type 1a and type 1b deficiencies is a
usual lack of quadriceps function (absent active knee extension) in the type
1a group.
In type 2 deficiencies, the proximal tibia is visible on radiographs, but
the tibia is substantially shortened, with the distal part at least partially
absent or substantially hypoplastic. In type 3 deficiencies, the distal tibial
epiphysis is visible as either a fully ossified entity or as localized
calcification with the proximal tibia poorly defined. Type 3 deficiencies
are very rare. In type 4 deficiencies, the tibia is shortened, and there is
tibiofibular diastasis. The Jones classification is very useful for defining
various tibial deficiencies based on radiographic appearance, but outcomebased factors, such as quadriceps strength, foot anomalies, and overall
limb length, are not used as a basis for classification.13

Kalamchi and Dawe System
The Kalamchi and Dawe7 classification system is based on the type and
degree of deformity, which the authors proposed would lead to defined
treatments. Three groups are described based on clinical and radiographic
findings. Type I is characterized by total absence of the tibia, proximal
fibular migration, and distal femoral epiphysis hypoplasia on radiographs.
Clinically, patients with type I deficiency have knee flexion contractures
greater than 45°, no quadriceps function, marked equinovarus foot
deformity, and, occasionally, medial ray deficiencies. Type II deficiency is
defined as distal tibial aplasia. On radiographs, the proximal fibular
migration is not as severe as in type I, and the distal femoral metaphyseal
width and epiphyseal ossification are normal. Clinically, patients with type
II deficiency have milder knee flexion contractures (25° to 45°), positive

quadriceps function, and a relatively normal knee joint articulation. Type
III deficiency is defined as dysplasia of the distal tibia, with diastasis of the
tibiofibular syndesmosis. Radiographically, the distal tibia shows varying
degrees of hypoplasia and shortening, the amount of syndesmotic diastasis
can vary, the foot is in varus, and the talus may have a nearly vertical
orientation. Clinically, patients with type III deficiency have normal knee
joints and well-developed quadriceps function.

Weber System
In 2008, Weber15 proposed a new classification and scoring system for
tibial deformities. The classification system was developed to create a
more modern system that incorporates correct anatomic terms, all types of
deficiencies, and the inclusion of a scoring system to weight various
associated anomalies in accordance with their effects on clinical decisions.
The classification system identifies seven types of tibial deficiencies (I
through VII), and five of the types have subgroups, depending on whether
a cartilaginous tibial anlage is present or absent. The higher the number
assigned to the classification, the more severe the tibial deficiency.
The scoring system assigns points for the presence or absence of a
patella and the state of the hip, the femur, the fibula, the foot, and
associated muscle function. The scoring system has a minimum score of 0
and maximum assigned value of 39; the higher the score, the less severe
the impairment.
Type I is tibial hypoplasia, and type II is tibial fibular diastasis; these
types have no subgroups. Type III is distal aplasia, type IV is proximal
aplasia, type V is biterminal aplasia, type VI is agenesis with double
fibulae, and type VII is tibial agenesis with a single fibula. Types III
through VII each include two subgroups: in subgroup a, cartilaginous
anlage is present; in subgroup b, cartilaginous anlage is absent.

Comparisons
Despite the efforts of Kalamchi and Dawe7 and, most recently, Weber,15
the classification system most widely accepted and used by surgeons
remains the Jones system.13 Although the Kalamchi and Dawe7 system
more clearly defined the clinical correlates of each type of deformity, it did
not add any new information regarding patient treatment. Weber’s
classification is more thorough, includes all variants (no matter how rare
they may be), and attempts to provide a scoring system to indicate

outcomes; however, it is rather difficult to understand, is cumbersome to
use, and its reproducibility is questionable. All three classification systems
(Figure 2) fail to incorporate the importance of associated foot anomalies
in the decision-making process for amputation versus limb salvage.

Foot Abnormalities
Although Kalamchi and Dawe7 addressed the knee and tibial deformity in
their classification system, there is no scheme that has incorporated the
degree of foot deformity. Radiographic and clinical examination may show
duplication or absence of the medial rays (Figure 3). The degree of tibial
deficiency does not correlate with the degree of foot abnormality.5
Dissection studies4,5,16 have further defined the various anomalies. The
investigators found that nearly all of the patients had subtalar coalitions, as
well as various other midfoot and hindfoot coalitions. The cuboid was
larger than normal. The talus was elongated, and its joint surfaces were in
abnormal sagittal alignment. These dissection studies found abnormal
muscle and tendon development. Vascular anomalies are common, and
they have been defined as being similar to the embryonic vascular
structure of the distal limb with a prominent two-vessel system.17
Although foot anomalies are not incorporated into the classification
schemes for tibial deformities, they are important in clinical practice for
prognosis and determination of appropriate surgery. The more deformed
the foot, the more likely amputation is the appropriate surgical option.
Nearly normal or normal feet are an indication for reconstruction surgery.
Knowledge of abnormal vasculature may be beneficial in determining
surgical flap or reconstruction options. Miller and Armstrong16 advocate
the use of arteriography to help in this process.

Other Associated Anomalies
In addition to foot abnormalities, tibial deficiencies are frequently
associated with other skeletal anomalies. A review of several of the largest
patient studies found that hip and hand abnormalities are the most common
associated anomalies.6,10,13,18 The most common hip abnormalities
include developmental hip dysplasia, PFFD, coxa valga, and a congenitally
shortened femur.19,20 The most common hand anomalies include a lobster
claw hand and thumb abnormalities.7,21 Schoenecker et al10 described a

21% incidence of spine abnormalities, including hypoplastic vertebra and
hemivertebra, in their patient population. Visceral anomalies, including
hypospadias, imperforate anus, cardiac abnormalities, hernia,
cryptorchidism, and learning disabilities, also have been documented.7,13
There are two defined conditions involving tibial deficiency. Warner
syndrome involves tibial dysplasia, triphalangeal thumbs, and prehallucal
polydactyly. The second group of disorders involves tibial deficiency,
split-hand deformity, and femoral bifurcation or ulnar defects (also known
as split hand/foot malformation with failure of long deficiency). Tibial
deficiency has been identified as a rare component (not present in all
patients) of various other syndromes, including Gollop-Wolfgang complex
and Langer-Giedion syndrome.22,23

Figure 2

Illustration comparing the common characteristics
of three classification systems (Jones, Kalamchi and Dawe,

and Weber) for congenital longitudinal deficiencies of the tibia.
Jones types 1a and 1b, Kalamchi and Dawe type I, and Weber
type VII all demonstrate absence of the tibia (green box). Jones
type 2, Kalamchi and Dawe type II, and Weber type III all
demonstrate the presence of the proximal tibia with absence
distally (red box). Jones type 3 and Weber type IV demonstrate
the absence of the proximal tibia, with the distal tibia present
(blue box). Jones type 4, Kalamchi and Dawe type III, and
Weber type II demonstrate diastasis of the distal tibiofibular
joint (purple box). Weber types I, VI, and V do not have any
corresponding types in the other classification systems (pink
box).

Etiology
The etiology of most tibial deficiencies is unknown, but several theories
have been proposed in the literature. Given the skeletal and vascular
anomalies found on dissection, some authors have suggested an
embryologic incident in approximately the fifth gestational week.2,12,17 In
the early 20th century, tibial deficiency occurred in several patients who
had been exposed to thalidomide in utero.6
Because of several case reports of similar congenital abnormalities in
family
members,
some
authors
have
suggested
genetic
transmission.6,21,24,25 Clark21 documented an autosomal dominant
inheritance pattern with variable penetrance. Pashayan et al25 documented
a review of several reports of family inheritance in a father and daughter, a
father and son, and a father and daughter/daughter and daughter. McKay et
al24 documented an autosomal recessive inheritance pattern.

Figure 3

AP radiographs shows a tibial deficiency with an
abnormal distal tibia and medial rays.

A single genetic mutation that leads specifically to tibial deficiency has
yet to be identified. A PITX1 gene mutation was implicated as being
associated with various malformations of the lower limbs, including
clubfoot, polydactyly, and tibial deficiency.26 A genetic mutation at
chromosome 17p13.3 has been implicated in split-hand/split-foot
syndrome in patients with long bone deficiency syndrome. Cho et al27
identified a 404 G>A mutation in the sonic hedgehog cis-regulator in
patients with tibial hemimelia-polydactyly-triphalangeal thumb syndrome.

Surgical Planning
The goal of any surgical intervention for tibial deficiency is to obtain
nearly normal knee function with as normal a gait as possible. Prior to
proceeding with any surgical intervention, the patient must be thoroughly
evaluated. The association of tibial deficiency with multiple syndromes
has been well documented, and the involvement of any syndrome should
be considered when planning surgery. Other limb anomalies, such as
bilaterality, may play a role in the overall functional outcome of the
patient. Tibial hemimelia can sometimes be associated with PFFD. In these
patients, the treatment of PFFD takes precedence. In a patient who has a

very short limb with no extensor mechanism associated with PFFD,
consideration should be given to arthrodesis of the fibula to the femur in
combination with a Syme ankle disarticulation to increase the lever arm of
the femoral segment.
The foot must be considered in surgical planning. Anatomic variations
in the foot may preclude limb salvage. Congenital anomalies, such as
coalitions, instability, and missing rays, must all be considered. Universal
recurrence of a deformed, rigid plantigrade foot and a substantial limblength discrepancy at maturity can be problematic. Amputation and
prosthetic fitting is usually the preferred treatment for substantial foot
deformity.
The next management decision concerns the functionality of the knee.
The most important deciding factor in the treatment of tibial deficiency is
the presence of active knee extension,5 which implies an adequate active
quadriceps muscle. Quadriceps function is a prerequisite for a successful
Brown procedure or any procedure other than a knee disarticulation. It
may be possible to identify the extensor mechanism clinically, which is the
preferred method. Other techniques, such as arthrography, direct surgical
exploration, ultrasound, CT, or MRI (Figure 4), can be used but are rarely
needed. The extensor mechanism should be considered inadequate or
absent if a trained physical therapist and/or physician is unable to identify
active knee extension after a careful examination.

Treatment Options
The classification system described by Jones et al13 is used in the
following discussion of treatment options for tibial deficiencies.

Jones Type 1a Deficiency
In a type 1a tibial deficiency, there is complete absence of the tibia seen on
the radiograph taken at birth. In a type 1a deficiency, the infant’s
contracted limb is positioned proximal and lateral to the femoral condyles,
with an absent patella but normally functioning hamstrings. The foot is in
extreme varus and is nonfunctional. There is no extensor mechanism,
which precludes the possibility for reconstruction.
Knee Disarticulation
Most patients with complete tibial hemimelia will require knee

disarticulation. Loder and Herring5 reported on functional outcomes in
children treated with knee disarticulation and prosthetic fitting. Gait
analysis showed nearly normal gait velocity (81%) and energy expenditure
within normal range. Although their speed for a 50-yard dash was below
the fifth percentile, an appropriate prosthesis allowed for both a stable
knee and return to recreational sports.5 In one study, approximately 17%
of the patients returned to recreational skiing after a knee disarticulation.14
Knee disarticulation is usually indicated when the child begins to pull
to stand. In some patients, surgery may be delayed past this milestone up
to 1 year of age. This allows additional time for the parents to be
convinced of the nonfunctionality of the limb and the need for amputation.
A knee disarticulation is performed using a long curved transverse
incision, with the anterior flap larger than the posterior flap. The dressing,
with or without a plaster shell, must be secured with suspension above the
pelvis. Compression garments can be used to control swelling for 2 to 3
weeks postoperatively, followed by prosthetic fitting. Some patients may
require epiphysiodesis later in life to accommodate prosthetic
componentry and achieve symmetric knee levels.

Figure 4

Sagittal MRI of the lower limb of a child with tibial
deficiency shows absence of an extensor mechanism.

Brown Procedure
Centralization of the fibula (Brown procedure) combined with a Syme
ankle disarticulation has been mentioned often in reference to type 1 tibial
deficiencies. This procedure is likely successful only in patients with a
type 1b deficiency because the complete lack of an extensor mechanism
(as in a type 1a deficiency) is said to be a contraindication. This procedure
is distinct from synostosis of the fibula to the tibia. Apparently, although
not observed by Brown and Pohnert,28 there are tibial deficiencies in
which the extensor mechanism occasionally will insert into the fibula. This
would make the Brown procedure a more viable option.
A lack of the proximal portion of the tibia is associated with a lack of
an extension mechanism across the knee. Failure of the Brown procedure
has resulted from the unopposed action of the hamstrings across the knee
joint, which leads to flexion contracture and difficult (if not impossible)
prosthetic fitting. In most patients, the Brown procedure results in less
functionality because of recurrent knee flexion contractures.
The family of the patient should be fully counseled before a Brown
procedure is performed because of the high failure rates and probability of
an eventual knee disarticulation. Although early studies reported
successful outcomes, many surgeons have been unable to be reproduce
those outcomes.
The Brown procedure attempts to produce a limb with a useful knee
segment.11 The procedure entails transposing the fibula into the
intercondylar notch. This allows the fibula to undergo hypertrophy and
become a tibia-like structure, resulting in adequate knee function. A
successful procedure can produce a proprioceptive knee with active knee
extension and flexion. Although the procedure was described by Myers1
and by Sulamaa and Ryoeppy,29 it was popularized by Brown11 after he
published a case series of three patients with tibial deficiencies.
Key points in performing a Brown procedure include shortening the
femur, remodeling the upper fibula, and creating a long posterior flap for
the Syme ankle disarticulation to avoid wound closure problems if an
attempt is made to preserve the foot. A longitudinal incision is made along
the lateral border of the quadriceps. The absence of the tibial remnant,
which should have been determined preoperatively with MRI, should be
confirmed. If a tibial remnant is present, transfer should be delayed until
the segment is ossified. If the tibial remnant is absent, the surgeon can
proceed with the fibular transfer. The epiphysis is dissected and half of its

attachment to the soft tissue is maintained to preserve the epiphyseal blood
supply. The proximal fibula is cut with a knife to fit into the condylar
notch area of the femur. Muscle balance is established and immobilizaton
is provided in a reduced and extended position.
Based on outcomes, it is unclear if results of the Brown procedure
justify its use. Loder and Herring5 reported poor results in 53 of 55
patients who were treated with fibular transfer for congenital absence of
the tibia. Although the Brown procedure invariably results in varus and
valgus instability, this does not usually pose a substantial problem because
it can easily be corrected with a prosthesis. However, the progressive
development of flexion contractures is a complication that cannot be
accommodated with a prosthesis. Flexion contractures are unremitting
because of the unopposed hamstrings, and they frequently lead to the need
for knee disarticulation. Attempted preservation of the foot also is
controversial. An unstable ankle results in the permanent use of a brace,
unless an arthrodesis is performed. Despite the aforementioned
controversies, Simmons et al30 reported that patients were satisfied with
the results of their Brown procedure based on the patients’ own objective
assessment of their daily functioning.

Jones Types 1b and 2 Deficiencies
In patients with type 1b and 2 tibial deficiencies, the proximal tibia is
present but the distal portion is absent. Importantly, the hamstrings and
quadriceps are both present and function normally. Unlike patients with a
type 1a deficiency, these patients typically have instability and problems
occur distally. The foot is in varus and is displaced medially. In infants, the
proximal tibia may not be initially apparent at birth and may be
cartilaginous.
Although fusion of the fibula to the tibia may result in excellent
outcomes, if the proximal tibial segment has not ossified (is still
cartilaginous), surgery should be delayed until ossification occurs. This
will facilitate fusion between the fibula and the tibia. After fibular tibial
synostosis is performed, a Syme ankle disarticulation can be done at 1 year
of age, followed by prosthetic fitting (Figure 5). This primary
reconstruction of the proximal tibial remnant via fusion to the fibula by
translation to the more medial position is the favored procedure of the
authors of this chapter. A Syme ankle disarticulation is typically needed
because of ankle instability. Salvage of the deformed foot will lead to a

rigid nonfunctional foot, whereas ankle disarticulation will allow a
prosthesis to be fitted so that patients can participate in normal activities.

Figure 5

AP radiograph of child with a Jones type 2 tibial
deficiency who was treated with synostosis of the fibula to the
tibial remnant and a Syme ankle disarticulation.

The fibular centralization procedure can be performed by end-on-end
fusion of the tibia to the fibula, followed by fixation with a medullary rod
or by side-to-side fusion with screw fixation and cast immobilization to
maintain alignment. In both techniques, removal of the proximal fibula
should be considered to avoid prosthetic fitting difficulties and allow more
mobility of the fibula. This will lead to more appropriate mechanical
alignment under the tibial remnant.

Jones Type 3 Deficiency
In patients with a type 3 tibial deficiency, the knee is unstable and the
tibial remnant is present distally. The patient typically has good quadriceps
function and a very small proximal tibial remnant. A unique amorphous
osseous structure develops characteristics of the distal tibial shaft.
Distinction must be made between patients with a type 3 tibial deficiency
and those with a short tibia and a varus foot.17 In patients with a short
tibia, the full tibia is present and clearly seen on radiographs. Depending
on the anatomy of the ankle, some patients may be considered candidates
for tibial lengthening. With tibial lengthening, however, there tends to be
severe varus deformity of the limb. Type 3 tibial deficiency is rare, and
few studies have been published. Based on the limited available data,
patients achieve good function after a modified Syme ankle disarticulation
or a Chopart amputation.31

Jones Type 4 Deficiency
In a type 4 tibial deficiency, diastasis of the distal tibia and fibula causes a
severe rigid varus foot positioned between the fibula and tibia. Moderate
limb shortening is present, and there is no articular surface of the tibiotalar
joint. Care must be taken to differentiate this condition from clubfoot. The
correct diagnosis of a type 4 deficiency may not be apparent until
resistance to clubfoot correction is encountered. These patients are
candidates for a Syme ankle disarticulation.
A functional articulation of the foot at the ankle joint is possible, but it
is extremely rare. In some instances, an attempt to retain the foot is
reasonable if the condition is less severe or if a contralateral deficiency is
present. In either case, surgery should be delayed until the child has
reached walking age. Some techniques of tibial lengthening and foot
repositioning may permit a plantigrade foot to be retained;32 however, this
may be difficult because of talocalcaneal coalitions, deformities, and other
congenital foot anomalies.
Reconstruction of the ankle may result in a limb-length discrepancy of
greater than 8 cm. In a study of patients who had a type IV deficiency, 9 of
10 patients were treated with ankle reconstruction, and the foot was
retained.10 However, 5 of those 9 patients eventually elected conversion to
a Syme ankle disarticulation because of concerns regarding the resultant
limb-length discrepancy and the magnitude of the lengthening required.

Summary
Congenital longitudinal deficiencies of the tibia can have various clinical
and radiographic presentations. Regardless of the type of tibial deficiency,
the characteristics of the patient, the psychological and financial effects on
the patient and family, the need for multiple surgeries, and the possibility
of eventual knee disarticulation should all be considered in the decisionmaking process before treatment begins. It is imperative that the family be
fully informed about treatment options and expected outcomes.
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Abstract
Specific prosthetic principles and considerations are applicable in managing
pediatric amputations distal to the knee. The etiology of the amputation can
affect socket modifications, alignment, and prescription considerations.
Frequently, skeletal asymmetries associated with pediatric amputation and
limb deficiency cause alignment challenges affecting standard prosthetic
fitting procedures. It is also helpful to be familiar with the transition between
component sizes to optimize the useful life of a prosthesis.
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Introduction
This chapter discusses amputations distal to the knee in pediatric patients.
In the past, partial foot, transtibial, and ankle disarticulation amputations
were referred to as below-knee amputations. Although this classification
terminology has since been replaced by the International Organization for
Standardization (ISO),1 the term below-knee is helpful when broadly
referring to various amputation levels distal to the knee. Pediatric limb
deficiencies distal to the knee can result from congenital, traumatic, and

disease-related causes. It is helpful to be familiar with the most common
presentations along with prosthetic options for treating these patients.
Before the age of 4 years, a child is rapidly developing and changing,
thus requiring unique prosthetic alignments and only simple components.
By the age of 7 years, the typical prosthesis should couple high
performance with increased durability to meet elevated activity levels
while accommodating rapid skeletal growth. Children wear out prosthetic
components much faster than do adults. This may mean that at the same
time they are outgrowing cracked, broken, or otherwise damaged
prosthetic feet, pylons, and sockets, they also require fitting with a new
and larger prosthesis. The replacement of outgrown components can
sometimes benefit from prior planning in selecting the original
componentry because the attachment mechanisms of differently sized
components may or may not be compatible.
As in adults with unilateral and bilateral limb loss distal to the knee,
children with amputations at these levels can achieve very high function.
Unlike children with unilateral upper limb loss, those with below-knee
prostheses are likely to use them, even when fit is compromised by growth
changes. If the lower limb prosthesis looks brand new, it is likely that it is
not being used. A thorough evaluation is then indicated to determine
problems with the fit or function of the device.

Alignment and Foot Function
As the infant learns to ambulate, the alignment of the prosthesis should
match that of normal infant ambulation. Infant gait begins with the hips
and knees flexed, the ankles dorsiflexed, and a wide base of support
similar to an athlete’s “ready” body position. This positioning allows the
infant’s hips, knees, and ankle joints to react in many directions before his
or her center of mass falls outside the base of support. Although it appears
that the foot is “toed out,” when the rotational axis of the knee is
considered, it should be recognized that the foot position is a result of the
external rotation of the hip. The vertical reference line through the
anteroposterior bisection of the socket at the knee falls closer to the
midfoot of the prosthetic foot than in adult alignment because the knee is
flexed and the ankle is dorsiflexed. Because the infant walks with more of
a flatfoot loading response and rolls over the medial border of the foot in
terminal stance, the foot itself, lacking heel-off, does not require dynamic

response characteristics. Because the foot placement at loading response is
variable, a simple soft foam foot will conform to the ground, aiding the
child’s balance and ambulation.
The preschool-age child adopts a more adult-like ambulation pattern,
with a heel strike at loading response and a heel rise at terminal stance and
preswing.2 The alignment of both the anteroposterior and the mediolateral
vertical reference lines is similar to adult alignment. The preschool-age
child typically does not have a sophisticated, high-performance running
gait, but a cushioned heel is still a necessary part of the prosthetic foot
design.
After school-age children develop the ability to run and jump, they can
benefit from a variety of available high-performance prosthetic foot
designs. Such feet and ankles become available when the foot size reaches
15 cm (approximating a US size 8 shoe).
Despite their small mass, reduced moment arms, and the decreased
associated forces, children place greater demands on components than the
average adult. Accordingly, split-toed carbon feet are not typically
available in pediatric sizes because they would not be durable enough to
last for the projected lifespan of the component. However, because of
decreased loading forces, the residual limbs of children have better
tolerance of ground reaction forces than those of adults, and children can
run and jump with less optimally designed components.

Gait Deviations and Skeletal Asymmetry
Pediatric limb absences from etiologies such as congenital limb
deficiencies and traumatic or disease-related amputation frequently result
in skeletal asymmetries in the length, rotation, and angulation of bony
segments. Even if the original proportions of the bony segments maintain
the same relationships during growth, the actual measured differences
increase. For example, a 20% limb-length discrepancy in an infant’s tibia
translates to a small length differential during early childhood; however,
assuming proportional growth, the measured difference in length becomes
substantially larger when the child reaches full skeletal maturity. In these
patients, some gait deviations found in adulthood can be traced back to
pediatric skeletal origins.
In such patients, the normal skeletal reference points used in the
prosthetic management of adult-onset amputation can cause incorrect

length, alignment, and anatomic prosthesis loading. For example, when the
ipsilateral lower limb segments are deficient, the hemipelvis may also
become hypoplastic over the course of skeletal maturation. This may cause
the iliac crest, the posterior superior iliac spine, or the trochanter to be a
poor observational reference point for the overall length of the prosthesis.
As in children with scoliosis, having good vertical compensation with a
centered trunk and the head at midline during gait might be a more
functional reference for determining the appropriate length for the
prosthesis.
For the same reasons, when managing limb deficiencies distal to the
knee, the length of the femur should be assessed to determine the extent to
which any surgically guided growth procedures intended to correct for
angulation deformities or other developmental anomalies may have
shortened its overall length.
A common gait deviation in the transverse plane occurs when the
lateral femoral condyle is hypoplastic. This is common in patients with
fibular deficiencies. Because the knee joint axis is higher on the lateral
side, increasing knee flexion causes the tibia to externally rotate. The foot
can be seen traveling in an arc, with the heel migrating medially with
increased swing flexion. As the knee maintains flexion during swing, the
heel remains medial and may even strike the contralateral limb during
midswing. In extension, the opposite occurs, causing the shin to rotate
externally during preswing. In such patients, the toe-out of the prosthesis
should be aligned to the least problematic orientation. Some children learn
to modify their gait by adding compensatory internal or external rotation
during the swing phase for more consistent foot tracking in the line of
progression.
Because the transverse cross section of a pediatric, Syme-style ankle
disarticulation–type socket is round, it tends to rotate about the limb.
Patellar tendon–bearing brims are often added in these sockets to reduce
the socket rotation caused by ground reaction forces. In contrast, because
Boyd amputations provide bony shapes for transverse plane rotational
control, patellar tendon–bearing brims may not be necessary for rotational
control, but they may still be prescribed for proximal weight bearing or for
management of the coronal plane ground reaction force moments.
In cases in which the knee axis is not parallel to the floor, such as in
the presence of a hypoplastic femoral condyle as previously described, the
patellar tendon–bearing brim will rotate in the transverse plane and can

shear against the medial patella and lateral femoral condyle. The height
and trim lines of the Boyd, Syme, and transtibial patellar tendon–bearing
socket brims must be evaluated throughout the range of motion of the
functional swing phase to ensure a comfortable fit.
A common transverse plane skeletal aberration occurs during skeletal
growth of a limb with a fibular deficiency because the tibia tends to
internally rotate so that the anterior distal tibia is rotated as much as 45° at
skeletal maturity when referenced to the axis of knee rotation. The anterior
bow of the proximal tibia is also somewhat internally rotated, although not
as much as the distal end. For the adult with an ankle disarticulation
caused by a congenital fibular deficiency, the socket modifications made
to offload this anterior bow will most likely be more lateral to its apex.
Coronal plane gait deviations can result from limb-length discrepancies
that accompany growth spurts. When the prosthesis becomes short, for the
sake of efficiency, children with below-knee prostheses learn to shift their
trunk laterally over the prosthesis. This reduces the socket stresses needed
for the normal excursion of the center of mass through the prosthetic foot.
For different reasons, children with longitudinal femoral deficiencies also
often ambulate using this method. They have a compensated
Trendelenburg gait arising from the inefficiency of the hip abductor
mechanism in ipsilateral midstance. For these children, shifting the trunk
shortens the acting moment arm of the hip abductors to keep the pelvis
level. When fitting a prosthesis in patients with longitudinal femoral
deficiencies, leveling the pelvis by increasing the overall length of the
prosthesis may unroof the femoral head if the acetabulum has not fully
developed. Lengthening the prosthesis adducts the femur relative to the
pelvis and changes the vector loading in the acetabulum to femoral areas
that may not have been loaded with an asymmetric pelvis. The change in
hip joint loading that accompanies changes in the length of the prosthesis
is more obvious in children with Aitken type A or B presentations3 with a
more acute femoral neck angle.
In contrast, for patients with knee valgus, which is common in
longitudinal fibular deficiencies, lengthening the prosthesis increases the
valgus load at the knee. In this instance, the foot inset needs to be
evaluated to transfer the ground reaction force through the knee and try to
equalize the mediolateral loads through the socket at the knee joint.
In the knee of a limb with a fibular deficiency, valgus increases during
the last few degrees of extension. By increasing the socket flexion (or

ankle dorsiflexion) from the adult standard of 5° to 10° while maintaining
the sagittal orientation of the socket over the foot, the abducted orientation
of the socket over the foot is reduced. Because gait deviations accompany
excessive dorsiflexion, the patient must also learn to ambulate with more
knee flexion at loading response. This results in a slightly shorter step
length, but the trade-off for more normal loads through the knee over a
lifetime is beneficial.
Over time, because of the repetitive hip abduction loading of the limb,
the residual limb below the knee can drift into substantial varus. This is
best seen during a lateral varus thrust during single-limb support.
Fortunately, clinical observations suggest that when a patient stabilizes his
or her knee by contracting the thigh muscles, much of the lateral thrust is
eliminated, and the adduction alignment is minimized. This method is
preferable to alignment accommodations because the resultant progressive
increases in the relative outset of the foot to reduce these varus moments
become increasingly unsightly.

Traumatic Amputation Considerations
New prosthetic prescriptions for children with traumatic amputations distal
to the knee are generally similar to adult treatment options. However,
variations may occur during the process of skeletal maturation from
normally expected growth as a consequence of trauma to the growth plates
or because of overloading of the growth plates secondary to alignment.

Partial Foot Amputation
For the pediatric patient with a partial foot amputation, the ipsilateral limb
may not grow as much over time as the contralateral limb; therefore, with
skeletal maturation there may be an increasing limb-length discrepancy.
This discrepancy should be accommodated at each prosthetic fitting. In
patients with partial foot amputation resulting from pediatric etiologies, the
overall length of the residual limb should be measured at each prosthetic
fitting.
The plantar surface of the partial foot amputation is generally pressure
tolerant in early childhood because of the minimal loading mass of the
child’s body. However, these pressures increase exponentially with
maturity because of increasing mass and biomechanical moments, without
comparative increases in the plantar surface area for pressure distribution.

In addition, during growth of the child, complications often arise that are
similar to adult pathologies. For example, bone spurs may form on
transected metatarsals or affected tarsals.

Boyd and Syme Procedures
In children fitted with a Boyd-level prosthesis, low-profile feet are
generally available so that the overall length of the prosthesis is not too
long compared with that of the contralateral limb. However, the use of
extremely low-profile feet greatly reduces dynamic response and
durability. Prosthetic advantages and disadvantages of the Boyd
amputation level in children are similar to those experienced by adults.
Fortunately, in children, surgically guided growth can shorten the limb
during skeletal maturation to accommodate the use of higher-performance,
more durable feet as the child grows taller. With a Boyd amputation, it is
somewhat difficult to cosmetically hide the bulk and shape of the socket in
the prosthesis.
Considerations for a Syme ankle disarticulation prosthesis are similar
to those of a Boyd amputation prosthesis, except that the reduced bulk of
the distal residual limb can be more easily hidden in the shape of the
prosthesis and there is less required shortening of the limb with skeletal
maturity and surgically guided growth. However, as with adult
prescriptions, there is often a lack of good transverse plane rotational
control in the socket, which necessitates a higher socket profile containing
a patellar tendon–bearing brim.
Because many children with ankle disarticulations and Boyd
amputations also have some knee valgus, the foot should be inset to
preserve even weight bearing through the knee joint. However, in doing
so, it is also biomechanically optimal to transfer the weight bearing
proximally through the knee of the prosthesis rather than maintaining
distal end bearing with an inset foot. End bearing over an inset foot will
introduce a varus moment through the knee, more so than a more axial
load through the knee with proximal weight bearing.

Transtibial Amputation
Because the transtibial level of amputation is commonly affected by
appositional overgrowth, provisions should be made for distal socket
lengthening in the event that this occurs early in the lifespan of the socket.
Additional pads of varying hardnesses can be applied distal to the gel liner

or inside the socket liner using molded distal end pads. During the rapid
growing years of the child, overgrowth can occur more than once a year,
so pads can substantially reduce the lifetime cost of socket replacements.
In addition, current techniques of distal soft-tissue suspension using pinlocking gel liners can apply traction on the distal soft tissue that can
elongate the soft-tissue envelope and prolong the time before bony
overgrowth penetrates through the skin. This strategy also increases the
time before revision surgery is needed.
Although total surface bearing sockets have increased distal end
pressure compared with proximal weight-bearing designs such as patellar
tendon–bearing brims, the ability to lengthen the socket by removing pads
allows the bone to fit in the longer soft-tissue envelope and extends the
useful life of the socket. Alternatively, high socket brims, such as
supracondylar designs, can accommodate longitudinal growth by allowing
the limb to grow out of the socket. Padding can be added to the tibial flares
for proximal weight bearing and rotational control and to allow space for
distal growth or overgrowth. Other socket configurations that do not cause
hammocking of the distal soft tissues can also increase the time between
revision surgeries necessitated by skin penetration of the bony overgrowth.
For example, socket interfaces that reduce shear forces that cause skin
traction, such as thin Surlyn (DuPont) linings in a traditional pelite insert,
are helpful for reducing distal skin traction and hammocking leading to
skin breakdown.
When the proximal tibial physis is unaffected by a traumatic injury, the
limb continues to grow enough to provide an adequate functional limb
length at skeletal maturity. Guided growth can be helpful when the limbs
are exceptionally long and high-performance components will require
additional clearance at skeletal maturity.
Traumatic injuries requiring transtibial amputations can often cause
asymmetric injury to the proximal tibial physis. This can lead to angular
growth of the tibial segment because the proximal tibia provides an
average of 60% of the tibial growth or approximately 6 mm of the 1 cm in
average overall growth per year. If one side of the tibial physis is fused in
the original injury, the opposite side will contribute approximately 6 mm
of annual growth at the angle of deformity. The associated socket loads at
the distal end of the tibial deformity will progressively increase, and
eventual socket accommodations will be needed. Additional adjustments
may also be needed to the proximal brim opposite the fusion site to

maintain limb comfort and prevent skin breakdown. If the socket is on an
endoskeletal system, the socket alignment can also be adjusted to
accommodate changes in the tibial femoral angle, along with translation of
the foot to keep the weight line of the socket located through the foot both
anteroposteriorly and mediolaterally.
If the angulation is severe and the anteroposterior and mediolateral
alignment over the foot exacerbates compression on the side of the growth
plate that needs expansion, the physis contribution of the compressed
growth plate may be reduced because excessive compression on the
growth plate will hinder growth. When possible, alignment of the ground
reaction force through the socket should be positioned to reduce this
pressure by shifting the tilt of the foot or the socket.
If the tibia and fibula are connected by a bone bridge early in growth,
the increased differential contribution of the proximal femoral growth
plate causes the limb to drift into varus at skeletal maturity,4 which often
makes it difficult to achieve weight bearing against the medial tibial flare.
When this occurs, it can be cosmetically difficult to hide the distal tibia in
the limb shaping. It can also affect the ability to align the pins into the
locking mechanism holes and may affect traction loads on the distal limb
when using pin-locking liner suspensions.
Although the fibula does not provide critical function for the knee, it
provides transverse plane rotational stability for a transtibial socket,
especially for patellar tendon–bearing designs. When the fibula is absent
because of traumatic injury, socket rotational control is problematic for the
higher performance loading typically needed in children. Although the
head of the fibula is intolerant to high axial, sagittal, and coronal plane
loads, it has enough tolerance for the reduced torsion loads. However,
children with complete fibular deficiency often have adequate tibial
contours to assist with rotation stability in a socket.

Congenital Limb Presentations
Partial Foot Prostheses
Some syndromes such as Möbius syndrome are associated with transverse
partial foot deficiencies. Longitudinal partial foot deficiencies are more
commonly associated with fibular deficiency or ectrodactyly. Because
fibular deficiencies also have associated hindfoot and tarsal anomalies that
cause ankle instability, greater attention must be given to holding the

hindfoot in a more neutral position with respect to inversion and eversion
while accommodating the absent anatomy. The feet of children with
ectrodactyly are often very wide, which makes it difficult to fit into readyto-wear shoes. Because the tarsals are often coalesced and more stable in
those with transverse deficiencies, adult-like prostheses can be prescribed.

Boyd and Ankle Disarticulation Prostheses
In children with congenital limb deficiencies, Boyd amputations and ankle
disarticulations are usually performed to revise longitudinal fibular or
tibial deficiencies. In infants and preschool-age children there is little
space for prostheses, and low-profile feet, which have very limited
dynamic response, are usually prescribed. By the time children require
higher performance feet, there is generally enough clearance to the floor to
fit some form of dynamic response foot to the socket.

Fibular Deficiency Prostheses
The residual limb of a child with a congenital fibular deficiency who is
treated with an elective Boyd amputation or ankle disarticulation may have
a tibial bow that provides some rotational socket stability; therefore, the
proximal socket modifications that are often needed for those with
traumatic etiologies are usually unnecessary. If a high socket brim is used
for coronal plane stability and proximal weight bearing, care must be taken
to evaluate the transverse rotation of the brim about the femoral condyles
during swing flexion because of the tilted knee axis. Until guided growth
alters the higher lateral knee flexion axis, both the socket and the foot will
rotate beneath the femur during the swing phase into increased toe-out
during flexion and will return to toe-in at full extension. Increasing the
knee flexion or the foot dorsiflexion at the bench alignment should be
considered to reduce knee valgus from the tilted knee axis. This technique
maintains the distal end of the residual limb in more of an axial position
and achieves improved cosmetic foot alignment when paired with good
gait training. Dorsiflexion of the foot is associated with a shortened step
length, but this is less disadvantageous than uneven loading to the knee
joint if the foot is outset relative to the ground reaction force through the
knee.
During skeletal growth, the tibia corkscrews internally so that the distal
“anterior” tibia is often oriented 45° internally at skeletal maturity. When
modifying areas of relief in the socket, attention should be given to the

orientation of the bony prominences relative to the line of progression of
the socket.
The distal insertions of the hamstrings can present as two separate
medial and lateral insertions or can be one coalesced insertion at the
middle of the posterior tibia. Relief modifications to the posterior socket
should reflect these anatomic variations to optimize the height of the
posterior proximal force couple for sagittal plane stability of the limb in
the socket, ultimately protecting the anterior distal limb.
Because older children often need increased knee stability when the
knee is flexed for running or jumping, they learn to contract their
gastrocnemius muscle in the closed kinetic chain. This action can cause
migration of the heel pad, which uncovers the anterior distal tibia and
makes it very susceptible to high sagittal plane forces in loading response.
Running is usually powered by the hamstrings and the gastrocnemius,
which keep the knee in slight flexion and power gait from hip extension.
This helps to pull the distal tibia away from the anterior socket. During
limb evaluations, the clinician should palpate both the distal insertions of
the hamstrings and the proximal insertion of the gastrocnemius when they
are contracted to ensure appropriate reliefs for these tendons within the
socket.

Tibial Deficiency Prostheses
The proximal fibula is positioned lateral to the tibia. If the proximal fibula
is fused at the level of the distal tibia at the time of amputation for the
purpose of fashioning the tibia into a longer Syme-type limb, the
longitudinal growth of the fibula will occur proximally and laterally to the
femoral condyle. Surgically guided growth management of the proximal
fibular physis can be performed to prevent this aberrant proximal growth
of the fibula and any associated socket modifications. In children with
Boyd amputations or Syme ankle disarticulations, guided growth to
shorten the residual limb will allow for fitting high-performance feet and
achieving better cosmesis at skeletal maturity.

Longitudinal Femoral Deficiency Prostheses
Some children with longitudinal femoral deficiencies are treated with
Boyd amputations or Syme ankle disarticulations. In those with Aitken
type A and B deficiencies,3 the femoral segment is often short. The
relatively proximal location of the anatomic knee makes the below-knee

prosthesis very long compared with the contralateral normal limb. Because
of the femoral length discrepancy, there is ample space for dynamic feet.
Because the sagittal moment arm over the foot when running is
substantially longer than the normal moment arm for a child of a matching
height and weight, the selected functional dynamic category of the foot
should be higher than normal to obtain the expected spring loading. If the
dynamics of the foot are properly selected, running and walking should not
be problematic.
Sitting can be problematic because chair depth is symmetric and,
because of the short thigh segment, the proximal location of the knee
prevents the ipsilateral pelvis from touching the back of the chair. Thus,
the child’s trunk is always rotated in the chair. If the child’s knee must flex
past 90° for the foot to lay flat on the floor, the posterior trim line of the
socket may need to be lowered to accommodate this flexion, without
forcing the limb to migrate out of the socket when using typical distal
suspension. Because the knee is much higher off the floor than the soundside knee, the distal loading of the leg during sitting is mainly concentrated
on the child’s ipsilateral buttock.

Rotationplasty Prostheses
Children with Aitken type C and D longitudinal femoral deficiencies are
challenging to fit with a prosthesis. By surgically rotating the lower limb
segment with the ankle at the height of the contralateral knee,
rotationplasty can fashion an anatomic segment that functions as a knee
joint, with the foot acting as the “transtibial” limb segment. However,
there is still no direct bony connection between the foot and the pelvis.
Because the individual’s body weight ultimately needs to be transferred
through the pelvis and the prosthesis to the ground, the proximal prosthesis
should be shaped similar to an ischial weight-bearing transfemoral socket
brim. The prosthesis should be similar to a transtibial socket, with side
joints and a molded thigh corset. Management of the proximal brim is the
same as that used for a transfemoral prosthesis, except that the thigh
segment is not a closed volume, so an ischial seat is necessary to transfer
the ground reaction force through the prosthesis to the pelvis. Contact
along the hip extensor muscles is necessary to transfer hip extension power
to the socket. In particular, the hamstrings muscles are traveling
horizontally and laterally to the anatomic knee, and their path should be
reflected in the socket shape.

It is commonly believed that it is appropriate to place 50% of the
weight-bearing forces in the distal socket and 50% at the brim. However,
this strategy is biomechanically inefficient. If the ground reaction force of
the prosthesis is partially end bearing, the prosthesis will shorten in stance
as weight is transferred through the foot, tibia, and residual femur until the
soft tissue connecting the femur to the pelvis is compressed and the socket
contacts the pelvis. During the swing phase of gait, the weight of the
prosthesis will stretch the soft tissues of the hip, and the length of the
affected limb/prosthesis will increase, making it difficult to clear the floor
in swing. Because this strategy has been used to manage weight bearing,
patients typically are fitted with an intentionally shortened prosthesis,
which results in poor prosthetic gait. To correct this problem, one solution
is to have the patient’s weight borne at the proximal brim at the pelvis,
allowing the rotated anatomic foot and ankle complex to be used for
cadence control and the replication of flexion and extension of knee
function with minimal weight bearing. Although this type of prosthesis is
designated as a transtibial prosthesis for billing purposes, the alignment of
the hip, knee, and foot is the same as used for transfemoral function, with
consideration of the trochanter-knee-ankle line to ensure that the knee axis
is stable and the foot is appropriately under the center of mass.
The rotated foot is molded with the residual limb in maximum plantar
flexion to match the ankle angle in the stance phase. Ankle stability after
rotationplasty can be a concern. For example, when a femoral deficiency is
accompanied by a fibular deficiency, the ankle mortise will have limited
stability. In addition, a plantarflexed ankle is much less stable than an
ankle in a dorsiflexed, close-packed position where the joint surfaces have
their greatest congruency. However, even in a close-packed position, the
ankle of a limb with a fibular deficiency is unstable in the coronal plane
and poorly suited for weight bearing.
Management of the prosthetic knee axis can be problematic because,
during growth, the surgically rotated foot segment often derotates, causing
the knee flexion axis to lose its perpendicular orientation to the line of
progression. In such cases, knee flexion at heel-off will introduce aberrant
rotation into the swing phase. When the anatomic axis of the ankle is
excessively externally rotated, the heel can catch on the sound-side limb
during midswing.
Because the orientation of the residual hip musculature causes the
thigh segment to internally rotate with hip flexion, the proximal socket will

also rotate unless rotational control is designed into the socket shape using
transfemoral socket techniques. Having good rotational control built into
the proximal pelvic socket brim and using an auxiliary nonelastic Silesian
belt will assist in maintaining the alignment of the knee axis. This will
minimize unwanted transverse plane rotation through the unstable ankle
joint.
The range of motion necessary to have a fully functioning knee joint
for both ambulation and sitting is larger than the typical ankle range of
motion. Although most of the necessary motion can come from the ankle
joint, some additional motion comes from the forefoot. Also, the normal
ankle hindfoot axis moves in a conical track. There are not many
prosthetic sidebar knee joints that can track with the foot through this large
range of motion. Fortunately, extreme flexion of the rotationplasty
prosthesis primarily occurs in the non–weight-bearing conditions of the
swing phase around a hypermobile, fibular-deficient ball-and-socket ankle
joint. However, if the foot is used for power transference when ascending
stairs in a step-over-step manner, the foot will migrate in the socket as the
anatomic axis shifts to the axis of the mechanical knee joint. This can
cause skin problems or possible internal bony wear and tear over time.
The foot and ankle must fit through the narrow ankle shape of the
prosthesis. The prosthetist may be tempted to make the posterior socket
section with soft material to protect the tibial crest and dorsum of the foot
from the loads of the prosthesis; however, the three-point pressure system
that controls knee extension must transfer forces to these areas, and this
transfer must not be affected by compliance of the socket.
Suspension of the prosthesis can be accomplished with a heel strap.
Frequently, using a nonelastic Silesian belt for secondary suspension can
aid in achieving coronal and transverse plane stability of the prosthesis
because of the lack of a hip abduction mechanism.
When growth adjustments are made to the prosthesis to accommodate
the increasing length of the tibial segment, the ischial seat must be raised
so that pelvic weight bearing on the prosthesis can be maintained. This can
be achieved by moving the thigh section more proximally on the side
joints or padding the ischial seat. After ischial weight bearing is corrected,
the balance of the overall prosthesis length can be increased in the shin
segment.

Moseley Prosthesis

The Moseley prosthesis, which is more commonly used in the Netherlands
than in the United States, places the foot and ankle at the height of the
knee without surgically rotating the foot. It is constructed in a similar
manner to the rotationplasty prosthesis. Cosmesis is the major problem
with this prosthesis because the foot is in neutral or slightly dorsiflexed
position when the prosthetic knee is in full extension. Because the foot is
in dorsiflexion during stance phase, it has a more stable hindfoot than that
observed in the plantarflexed rotationplasty limb. If the femoral deficiency
is accompanied by a fibular deficiency, additional care should be taken in
molding the foot socket for ankle support because a domed talus is often
present. Because active dorsiflexion powers prosthetic knee extension, it
may not be possible to actively ascend stairs as can be done a with
rotationplasty prosthesis. In other respects, the fit and function of the
Moseley prosthesis is similar to a rotationplasty prosthesis. Suspension of
the prosthesis can be achieved with an instep strap. The addition of a
nonelastic Silesian belt will assist in coronal and transverse plane control
as well as provide auxiliary suspension.
There are only two sidebar knee joints that track well with the foot and
ankle motion through the entire range of knee flexion necessary for good
prosthetic function. The knee joints of the Townsend Rebel series
(Townsend Design) are fabricated with stainless steel and, although rather
large, can track well with ankle and forefoot motion. In addition, the
polycentric Hyperextension Knee Orthosis joint (SureStep) is also
available, but is suitable only for patients weighing less than 100 lb (45.36
kg).

Limb Salvage Rotationplasty Prostheses
In children with cancer, limb salvage using Van Nes rotationplasty is
usually performed in the first two decades of life before skeletal maturity.
The prostheses for patients undergoing these procedures resemble
transtibial prostheses with side joints and a thigh corset.
Unlike children with longitudinal femoral deficiency, these children
have good hip joints and can fully bear weight through their foot segment.
They can also use their active muscle power to ascend stairs in a step-overstep fashion and can function at a much higher level than children with
congenital femoral anomalies. To have the necessary range of motion for
knee function and cosmesis, the ankle is positioned in maximum plantar
flexion when the prosthesis is in full extension. Usually, the outside hinges

on these prostheses do not track well with the motion of the foot and ankle
through the necessary range of motion because they are subjected to heavy
loads. As a result, the foot either migrates in the socket or the tarsals are
loaded in ways that the foot is not normally used, potentially leading to
joint degeneration over time. Because these children have good hip joints,
a simple corset on the thigh can provide some weight bearing and coronal
plane stability for the ankle joint.
Good cosmesis is a major challenge with this type of prosthesis
because the primary growth plates of the femur and tibia are at the knee,
with the distal femur and proximal tibia contributing an average of 70%
and 60%, respectively, of segmental growth. The thigh length should be
substantially longer after surgery to allow the sound-side femur to catch up
with the newly made ipsilateral thigh segment. The short shin will have a
faster swing time than the longer sound-side shin because of the short
length of the pendulum. However, because the ankle can actively control
the timing of the foot, the problems associated with the shorter shins of
knee disarticulation prostheses are not observed in this population. As
these children grow and cancer treatment is completed, the distance
between the residual foot and the floor typically allows for the use of high
performance feet. Other than these considerations, these prostheses can be
fitted as previously described for other rotationplasty prostheses.

Considerations for Component Choice
As with components for adults, attention needs to be paid to height and
weight tolerances when selecting components. The main complications
occur when prostheses must be adjusted for the child’s growth.
Below-knee prostheses for children have an average useable life of 9 to
18 months, and they sometimes can be used for much longer periods. The
socket materials should be locally adjustable over bony prominences for
growth. Acrylic resins have thermoplastic properties. If the reinforcing
materials (such as knits) used over bony areas can be stretched, the sockets
can be heated and stretched to accommodate growth.
Because children often play in water or other wet environments, the
aluminum used in their prosthetic components can corrode, causing stress
risers in the form of tiny cracks. When carbon materials are used adjacent
to unanodized aluminum, an electrolytic process occurs when wet, which
further corrodes connections. Titanium is less corrosive, but it is brittle and

notch sensitive. Tube clamps made of titanium should not be overtightened
because they are especially prone to cracking. Stainless steel components,
although much heavier, are more durable and less likely to sustain
catastrophic failure than titanium components. Similarly, if wood
exoskeletal ankle blocks are needed, hard oak or maple is more water
tolerant than traditional, softer poplar blocks. Durable materials should be
used in prosthetic devices for children, and the prostheses should be
monitored for damage at the child’s regular checkups.
When smaller components, such as feet and pylons, require
replacement because of the child’s growth, attention must be given to the
prosthesis connectors. Endoskeleton foot adapters are available, as well as
different size pylons, depending on the weight of the child.
Prosthetic feet do not all have the same heel height built into the sole.
Most pediatric feet have a 6 mm heel height, which is common to
children’s athletic shoes. However, when the child’s shoe size transitions
to more adult sizes at 22 cm, the heel height changes to 1 cm. The
commonly used Seattle LightFoot (Trulife) offers several other heel height
options depending on the shoe size.
When moving from a pediatric-sized prosthetic foot to an adult-sized
foot for a heavier child without making a new prosthesis, the initial
pediatric foot can be fitted with an adult-sized pyramid and a 30-mm pylon
system by using an 8-mm bolt solid ankle cushion heel foot adapter and
later switching to a 10-mm pyramid. If the child is quite small in stature,
an adult-sized pyramid receiver on a 22-mm pylon can be fitted on the
adult foot and pyramid until an adult pylon system is appropriate.
In special instances, manufacturers may be willing to customize
pediatric components for special uses, such as custom-made feet that can
function well for running but also can be used for normal ambulation.

Summary
A child with amputation or congenital limb loss distal to the knee can
function well with prostheses designed according to principles appropriate
for the child’s age and activity level. When possible, prostheses for
children should be designed with options that allow for their rapid growth
to extend the life of the prosthesis before a replacement is needed. The
prosthesis should be durable. Sockets should be designed to transfer the
high ground reaction loads in all three planes through the prosthesis. When

a child is very small, pediatric-sized socket interfaces are available and
have some options that are similar to those available for adults. As the
child’s growth stabilizes in his or her later teen years, adult component
options can be used to allow comfortable participation a wide range of
chosen activities.
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Chapter 76

Congenital Deficiencies of the
Femur
Ian P. Torode, MD, FRACS

Abstract
To appropriately manage a child with a limb deficiency, it is first necessary
to understand the natural history of the condition and the associated
functional implications. It also is important to be able to adequately
communicate important findings to the child’s parents and family members.
Some children can be managed with a simple procedure, whereas others will
require a number of major reconstructive surgeries to achieve optimal
function. Because treatment may extend over many of the childhood years,
the support of the family is essential to achieve the best outcome for the
child.
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deformity; reconstruction; rotationplasty.
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Introduction
Although the femur is the largest skeletal component in the lower limb,
congenital deficiencies of the femur must be considered along with the
associated anomalies that frequently coexist in the lower segments of the
limb. The functional compromise that can arise from a more distal
deficiency may play an important role in the plan for managing a femoral
deficiency. The relationship between deficiencies of the fibula and tibia
are briefly discussed in this chapter as they relate to femoral deficiencies.
The diagnosis, management, and treatment of femoral deficiencies from
the antenatal period to maturity also are addressed. The terms congenital

short femur and proximal femoral focal deficiency (PFFD) are used
because they adequately differentiate the extremes of longitudinal
deficiencies, particularly regarding management.

Etiology
Congenital deficiencies of the femur differ from other typical skeletal
anomalies in the extent of the variations and the lack of a definite
inheritance pattern. For example, although tibial hemimelia varies in the
degree of the deficiency, an autosomal dominant inheritance is common.
In contrast, in congenital below-elbow deficiencies, the degree of the
clinical presentation has little variation, and most of these deficiencies
have a similar appearance to each other, although there is no inheritance
pattern.
Thalidomide can produce lower limb deficiencies, but the deficiencies
typically have a phocomelic pattern. A causative teratogenic agent for the
typical deficiency has not been identified. Femoral facial syndrome is an
exception to the sporadic inheritance pattern.1 Femoral hypoplasia is also
seen in the rare Goltz syndrome, which is associated with a gene mutation
on the X chromosome2 (Figure 1).

Presentations
Congenital deficiencies of the femur have essentially three modes of
presentation for orthopaedic management. These modes are a prenatal
presentation, which is detected by an ultrasound examination; initial
detection at the time of birth; and later referral of an older child who had
not been evaluated earlier because of some extenuating circumstance, such
as residence in a remote area without access to a surgeon with expertise in
managing limb deficiencies.

Figure 1

Radiograph of the lower limbs of a female infant
with Goltz syndrome demonstrates the hypoplastic left lower
limb.

Prenatal Presentation
In developed countries, many pregnant women have an ultrasound
examination during pregnancy. Because the first ultrasound examination
performed at approximately 12 weeks’ gestation may be cursory and done
only for pregnancy confirmation, a substantial number of skeletal limb
deficiencies may be overlooked. Limb deficiencies may not be detected
until the 20-week ultrasound examination, which may present an issue if
pregnancy termination is a consideration.3 The orthopaedic surgeon may
be asked to provide advice on the likely extent and natural history of a

detected limb deficiency (Figure 2).
The surgeon should be able to reasonably differentiate between a
congenitally short femur and a true PFFD. In cases in which the available
information does not allow a definite opinion, some reassurance of a
favorable outcome may still be possible and will help to decrease the
parents’ distress and guilt during the remainder of the pregnancy.

Postnatal Presentation
Ideally, the newborn will be treated by the same surgeon who provided
prenatal advice. This continuity of care prevents the dissemination of wellintentioned but often erroneous information given by family members and
the nursing staff, most of whom are unfamiliar with such an abnormality.
If a diagnosis has not been made before birth, the pediatrician will refer the
infant to a surgeon for care; the treating surgeon should address any
misinformation received by the infant’s family and offer reassurance. The
family will want to know if the child will walk. In infants with a true
PFFD, the surgeon can often offer reassurance that the child will walk,
even if a prosthesis may be needed (Figure 3).

Delayed Presentation
In some instances, there may be a delay in the child being seen for
treatment. If an older child is referred for treatment, the surgeon may need
to allocate considerable time to explain the child’s condition and review
treatment options with the parents.

Classification Systems
The numerous classification systems for congenital femoral deficiencies
suggest that no single system is satisfactory for all patients. The
Hamanishi4 classification system demonstrates that there are many
radiologic appearances and degrees of severity in congenital femoral
deficiencies (Figure 4). Gillespie and Torode5 categorized congenital
longitudinal femoral abnormalities into two major groups. At the moderate
end of the severity scale is the congenital short femur, and at the more
extreme end is the true PFFD. Later, Gillespie revised the classification
system by adding a third group that consisted of children with a very short
femoral residual limb, which is often fused to the tibia.6 In this group, no
intervention around the knee is necessary (Figure 5). The revised Gillespie

classification system is useful in formulating a treatment plan and is
readily understood by parents. In most instances, the classification system
helps the surgeon determine if reconstruction or prosthetic assistance
would be the most appropriate course of treatment. It is important that the
distal components of the limb also be considered when formulating a
treatment plan.

Figure 2

Prenatal ultrasound image shows a bowed and
short tibia, a foot in valgus, and a slightly short but intact femur.
After birth, the child will be best managed with foot ablation
(usually in the second year of life when the child wants to walk
to explore his or her world) and prosthetic fitting.

Figure 3

Photograph of a newborn female with a very short

left femur, with a good foot and normal-appearing leg.

Figure 4

Illustration of the Hamanishi classification system
for femoral deficiency. This system demonstrates the large
number of variations that may be present, ranging from a
virtually normal femur (a) to a vestigial bone (j).

Figure 5

Images of a female patient with a Gillespie type 3
femoral deficiency. A, Radiograph of the pelvis shows the
vestigial femoral component. Clinical photographs of the
deficient limb (B) and the patient wearing a prosthesis (C).

In children with an intermediate level of femoral abnormality, the
Fixsen and Lloyd-Roberts7 classification system is useful in making
treatment decisions. If the proximal end of the femoral fragment is bulbous

(the stable sign), the femoral head and neck will later ossify. In some
patients, this later ossification will allow an apparent PFFD to be managed
as a congenital short femur, with reconstruction rather than ablation
(Figure 6).
The Aitken classification divides PFFDs into four types. Type A
includes children with a radiographically abnormal proximal femur, with a
pseudarthrosis that will ossify progressively with time and a varus femoral
neck. These femora can be reconstructed. A type B deficiency is more
severe, with a persistent defect between the femoral head in the
acetabulum and the femoral shaft. These femora may be reconstructible. In
type C deficiencies, just a small ossicle is present as the femoral head, and
the femur has a spindle shape; however, there is no stability between the
pelvis and limb. Attempts to reconstruct the proximal femur in these
children are unlikely to be warranted. In type D deficiencies, the femur is
rudimentary, and no proximal reconstruction should be attempted8 (Figure
7).

Figure 6 A, Photograph of a baby girl with a congenital short
femur. Note the foot of the affected limb is at the midtibial level
of the unaffected limb. B, Radiograph of the patient’s lower
limbs taken at 9 months of age.

The classification by Paley and Stannard9 is useful for guiding surgical
intervention and reconstruction, particularly in patients with more severe
proximal femoral and diaphyseal deficiencies. On one end of the severity
spectrum, congenital femoral deficiency management involves treatment
of a modest limb-length difference, and at the other end is a gross limb
discrepancy and the need for prosthetic assistance. Within this spectrum is
a dividing line between patients who can be treated with limb
reconstruction and those who are best treated with limb ablation and
prosthetic fitting. Treatment decisions are influenced by the mores of the
society in which the patient resides, the skill and experience of the
surgeon, and the wishes of the family.

Figure 7

Illustration of the Aitken classification of femoral
deficiency. A, In a type A deficiency, there is stability, with a
bulbous proximal femur and a femoral head in the acetabulum.
B, In a type B deficiency, the femur is more spindle shaped
proximally, which implies a lack of connection between the
ossified bone in the acetabulum and the femur. The lack of

stability is accompanied by failure of ossification and the
continued existence of motion between the femur and pelvis. C,
In a type C deficiency, the femoral head is lacking, and the
femur is less well developed. A tuft of ossification is seen at the
proximal femur, but there is no articular relationship between
the femur and acetabulum. The acetabular development is
poor. D, In a type D deficiency, the femoral deficiency is
severe, and there is no proximal tufting. The acetabular
development is poor, the hip is unstable, and there is a marked
limb-length discrepancy.

Clinical Examination
The patient will typically lie or stand with the affected limb in a position of
flexion and external rotation. Examination of the hip may reveal
telescoping, which is a sign of a true PFFD and indicates a likely lack of
integrity between the femoral shaft and the head and neck. In infants, the
hip flexion deformity is often relatively fixed. It becomes less fixed in
patients with a congenital short femur, whereas it remains fixed in patients
with true PFFD. The affected knee will often demonstrate laxity in the AP
plane of the joint. Paradoxically, the laxity is more obvious in patients with
lesser degrees of limb shortening, because the contractures around the
knee with the PFFD will often disguise the instability (Figure 8).
Below the knee, it is important to assess the degree of tibial and fibular
involvement. In milder cases, the degree of shortening may be minimal,
but in more severe cases the tibia may be bowed, with a linear dimple over
the midtibia. In the foot, the integrity of the ankle joint, the extent of tarsal
coalitions, and the number of rays in the foot must be considered.
Although the number of rays is readily apparent, it is often less important
than the integrity of the ankle joint.

Figure 8

Standing lateral photograph of a girl with a
congenital short right femur.

Radiographic Features
Plain radiographs will complement and clarify clinical findings. In an
infant, a radiograph of the lower half of the patient’s body will provide
useful information. At the pelvic level, the acetabulum of the unaffected
limb should be noted. Although most lower limb deficiencies are
unilateral, some patients have bilateral involvement that is expressed as
acetabular dysplasia, whereas others may have more marked bilateral
involvement. On the involved side, acetabular dysplasia is common and
requires treatment.

Figure 9

A, AP radiograph of the pelvis of a 3-year-old girl
with marked femoral deficiency. Note the bulbous proximal
femur. CT scans of the pelvis of the child at 8 years of age
shows the femur lying anterior to the superior pubic ramus, with
the proximal end adjacent to the bladder (B) and the ossified
femoral head fused to the ischium (C).

In a patient with a milder level of congenital short femur, the femur
will be short with a degree of midshaft sclerosis and an anterolateral bow.
The proximal femur will be ossified, and there may be a varus deformity.
The external rotational deformity and valgus of the distal femur will
become more obvious over time. In patients with a higher level of
congenital short femur, the femur will be shorter than in those with a
milder deformity, will lack ossification proximally, and the proximal
femur will be bulbous. The bulbous femur implies the presence of an
unossified femoral head, which is supported by the presence of a
reasonably well-formed acetabulum. Radiographic findings can be
confirmed with ultrasound, but it is important to note that the varus of the
femoral neck will make the unossified greater trochanter proud, and this
can be interpreted as a congenital dislocation. The findings also can be
confirmed with MRI. Although sedation may be required in infants, MRI
may be performed if there is doubt about the diagnosis or confirmation is
needed.
In children with a true PFFD, the femur is very short, the proximal end
is poorly developed, and there is substantial involvement of the diaphysis.
The acetabulum is shallow, and no ossification is seen in the acetabulum.
The foot lies at the level of the contralateral knee. Below the knee, the tibia
and fibula can be variably involved. At the milder end of the severity
spectrum, the tibia and fibula may appear equal in length or minimally
shorter than each other, whereas at the more severe end of the spectrum,
the fibula is absent and the tibia is short and bowed anteriorly. In these
patients, the foot is in equinus and the talus is subluxated posterolaterally

to the tibia.
As time passes, ossification continues and the outcome for an
individual patient becomes clearer. Clinical findings and radiographic
features will usually allow the surgeon to develop a working plan for the
child so the family can understand the likely course of the disorder;
however, accurate classification of a deficiency is difficult to determine in
some children. For example, clinical findings suggested a true PFFD in a
3-year-old girl (Figure 9). Radiographic findings showed a bulbous
proximal femur and a femoral head that was present but completely
ossified to the ischium. The proximal femur was located anterior to the
superior pubic ramus and posterior to the femoral neurovascular bundle.
Abnormality of the hip joint is a hallmark characteristic in these
children, but true dislocation of a developed femoral head from the
acetabulum is rare. For example, Figure 10 shows a three-dimensional
reconstruction of the hip of a child who appeared to have a dislocated
femoral head, but the femoral head and neck were actually markedly
underdeveloped. During an attempted open reduction of the femur, a
complete lack of development of the pubic segment of the acetabulum was
found; the proximal femur was returned to the presurgical articulation.

Treatment Planning
If the infant is examined by the surgeon in the first few weeks after birth,
the parents should be reassured that the deficiency is not the mother’s
fault, there is no specific treatment necessary for the deficiency, no surgery
will be necessary in the child’s first year of life; and the deficiency will not
prevent the child from crawling or pulling to a standing position. No
special physiotherapy is required. The family should be reassured that the
child will be able to walk. Parents should be informed if their child is a
candidate for surgical reconstruction, with the goal of the child walking on
his or her own feet, or whether the femoral or foot and ankle deficiency
will necessitate a prosthesis for ambulation. A management plan should be
formulated and discussed with the family early in the child’s life. It is
expected that these children will undergo several surgical procedures over
their growing years, which can be a source of anxiety for the family.
However, if the family is informed of the treatment plan and is aware of
the serial steps, they will likely be involved in the process and experience
less anxiety.

In patients with lesser degrees of femoral deficiency and a good foot
and ankle, judicious use of epiphysiodesis and/or femoral lengthening
should lead to satisfactory outcomes. In a child with a more severe
deficiency, such as a typical congenital short femur with the foot at the
midshaft level of the contralateral tibia, the expected limb-length
discrepancy at maturity requiring accommodation is approximately 20 cm.
Resolving such a discrepancy in a series of small surgical steps is less
daunting and more readily achievable.

Figure 10 Three-dimensional CT scan of the pelvis of a child
showing a deficient left femur articulating
pseudoacetabulum that had been stable for 3 years.

Figure 11

with

a

Radiographs of the patient shown in Figure 6. A,
AP radiograph of the pelvis taken when the child was 9 years
old. The shadow of the carbon fiber block used to lengthen the

left hemipelvis can be seen. The femoral head and neck have
ossified in varus. B, Standing radiograph of the legs and pelvis
after correction of the coxa vara. C, Radiograph of the femur
after correction of coxa vara. A guided-growth system using a
plate is in place to treat the genu valgum. D, Radiograph of the
left femur after lengthening using a PRECICE nail (Ellipse
Technologies).

In a child with a good foot and ankle and a minor degree of tibial
involvement, the management plan should include tibial lengthening
(expected gain of 4 to 5 cm) in the preschool years, pelvic lengthening and
correction of acetabular dysplasia using a modification of the Hall
technique (expected gain of 2 cm),10 and correction of the coxa vara
(expected gain of 2 cm). Instead of lengthening the femur with a frame, an
alternative plan is to wait and lengthen the femur with intramedullary nails
using a pertrochanteric approach when the child is approximately 10 years
of age (expected gain of 5 cm), coupled with a judicious contralateral
epiphysiodesis (expected gain of approximately 3 cm), followed by a final
femoral lengthening using a nail when the patient is a teenager. A guidedgrowth system can be used to correct valgus malalignment of the distal
femur, and the rotational malalignment can be addressed at the time of
femoral lengthening (Figure 11).
If the condition of the foot and ankle is poor and the tibia is bowed, a
foot ablation (Syme amputation) and prosthetic fitting are indicated.11,12
Knee valgus in later childhood can be managed with a transphyseal
screw13 (Figure 12). A guided-growth system using a plate can readily
correct the valgus, but the presence of a plate and screws under the
prosthesis may be problematic. Although children can generally tolerate a
difference in knee heights and a prosthesis can readily cope with leglength issues, a contralateral epiphysiodesis or a femoral lengthening
should be considered for some patients.

Figure 12

AP radiograph of the right knee of a boy with a
congenital short femur who was treated with a foot ablation.
Two screws were used to correct the genu valgum, although
one screw will suffice.

In more severe cases, the femoral deficiency is the most obvious
abnormality; however, the integrity of the foot and ankle requires early
assessment. Experience has shown that attempts to salvage a marginally
functioning foot will compromise long-term function. If the foot is saved,
there is often great reluctance to undergo foot amputation until the child
reaches his or her teenage years and becomes aware of the functional
limitations of the saved foot (Figure 13).
Children with a poor foot and ankle and a femur that is not
reconstructible may be best treated with foot ablation and knee fusion.

This surgery can be done as soon as ossification around the knee is
adequate. Patients with a tiny femur that is often already fused to the tibia
(Gillespie group C) are included in this group. In this group, no knee
fusion is needed.

Figure 13 A, Photograph of the lower limbs of an 8-year-old
girl after multiple surgical procedures had been performed on
her hypoplastic right leg. The patient requested foot ablation
rather than undergoing further attempts at limb reconstruction.
B, Photograph of the patient after foot ablation and fitting with a
prosthesis. The patient was very satisfied with the outcome.

Children with a good foot and ankle and a poor femur are candidates
for rotationplasty. This procedure is done through the knee and combined
with a knee fusion. If the child’s parents do not want the child to be treated
with a rotationplasty, the child should be treated with methods used for a
patient with a poor foot.
In a child with a stable femur (albeit short) and a femoral head in the
acetabulum, there is a role for delayed treatment and further investigation
before committing the child and family to several surgical procedures,
including at least two femoral lengthening procedures. In the child with a
poor foot, the need for below-knee reconstruction and tibial lengthening

can be avoided, and length can be attained by a prosthesis after foot
ablation.9

Surgical Techniques
Foot Ablation
In patients requiring foot ablation, this chapter’s author prefers to use a
Syme amputation approach or ankle disarticulation. A Boyd amputation
can be used, but the talus and os calcis are often fused and difficult to
deliver distally. The Boyd procedure provides no functional gain in these
patients. A useful adjunct is to divide the Achilles tendon through a small
incision at approximately the junction of the middle and distal thirds of the
leg. This allows a simpler delivery of the talus and calcaneus for the
posterior capsular resection and removal of those bones for either a Syme
or Boyd procedure. It should be noted that the tibial kyphosis commonly
seen in children with more severe deficiencies should be corrected by a
tibial osteotomy with internal fixation at the time of the foot ablation.
Failure to do so may compromise long-term prosthetic fitting and comfort
(Figure 14).

Knee Valgus
Knee valgus in a femoral deficiency is often overlooked. Previously, a
distal femoral opening osteotomy with a fibular graft was advocated to
gain some length and stimulate growth. Although the outcome was usually
satisfactory, correction with a staple, a plate, or a transphyseal screw is a
much simpler procedure and can be done with same-day release from the
hospital.13,14 Use of a transphyseal screw in patients using a prosthesis
avoids metal under the skin adjacent to the prosthesis. Correction of the
genu valgum also needs to be done when a foot ablation has been
performed. If correction is not done, the leg will often be aligned to the
tibia, which will magnify knee valgus or, alternatively, the fitting should
allow for a bulge in the lateral aspect of the prosthesis so that the
prosthetic limb is correctly aligned to the patient. It is also necessary to
appreciate that the genu valgum may disguise the external rotation
deformity of the femur, which may require correction by osteotomy or
derotation at the time of femoral lengthening.

Figure 14

Clinical photograph of a young boy who was
treated with a foot ablation but did not undergo correction of the
tibial kyphosis. This deformity substantially compromises
prosthetic fit and comfort.

Correction of Coxa Vara
In a patient with a completely ossified intact femur, the procedure to
correct coxa vara is straightforward. In more complicated instances,
particularly if there is an ossification defect (pseudarthrosis), coxa vara
correction is more difficult and requires either a soft-tissue release or
femoral shortening. Rather than compromise the soft-tissue integrity of
muscle units, the author of this chapter prefers femoral shortening. It is
necessary to adequately correct the coxa vara so the healing of the
compromised bone of the proximal femur is not impaired because of poor
biomechanics. In these patients, the use of bone morphogenetic protein has
been advocated to stimulate ossification.9

Correction of Acetabular Dysplasia
Acetabular dysplasia is common in children with a congenital deficiency
of the femur, but it may be overlooked on radiographic studies because the
shorter limb may be abducted. If the hip subluxates during lengthening, it
is very difficult to resolve the problem. It is better to overtreat children
with acetabular dysplasia. A modification of the Hall innominate
osteotomy has been used with consistent results.10 This modified
procedure uses iliac crest bone grafts and a carbon fiber insert to provide
immediate stability because these grafts tend to collapse when used alone
in small children with dysplasia and require protection in the spica cast. In
the experience of this chapter’s author, none of the children treated with
this modified procedure had hip subluxation during subsequent femoral
lengthening procedures.

Tibial Lengthening
A minor degree of tibial shortening is often present in children with
femoral deficiency. Tibial lengthening of approximately 4 to 5 cm is
readily achievable in these children during the preschool years. If there is
any doubt about the stability of the foot and ankle, a calcaneal wire should
be used. If a knee flexion contracture develops, a simple orthotic extension
from the frame will suffice during the lengthening phase.

Knee Fusion
A knee fusion can be performed as soon as the ossification centers around
the knee are present. The need to retain or remove the growth plates
around the knee will depend on the degree of deficiency of the femur and
tibia and the expected desired length at maturity. The distal aspect of the
“new” thigh should be slightly shorter than the contralateral side at
maturity to accommodate the prosthetic knee. If the fusion is held by a
smooth pin or nail, growth will continue if a growth plate has been
retained for that purpose (Figure 15).

Femoral Lengthening
Many femora have been lengthened using a frame; however, the advent of
lengthening nails has provided a method that is more acceptable because it
avoids the considerable scarring and muscle entrapment that accompanies
the use of a frame. Excellent results have been obtained with various nails,
including the Albizzia nail (DePuy), the Phenix nail (Phenix Medical), the

Intramedullary Skeletal Kinetic Distractor (Orthofix), and the PRECICE
nail (Ellipse Technologies). The femur must be large enough to
accommodate the nail. In addition, although a lateral bow can be
accommodated with an osteotomy, an anterior bow is often more distal and
a second osteotomy or a shorter nail may be required. These issues should
be addressed when planning the procedure. For a teenager, a two-stage
correction using a corrective osteotomy and nail followed by lengthening
with a nail is preferable to the use of a frame around the thigh for an
extended period of time (Figure 11, D).

Rotationplasty
The major advance in rotationplasty was changing the site of rotation from
the tibia15,16 to the knee, as described by Torode and Gillespie.17 With
experience, the safety net provided by using a tibial osteotomy can be
avoided to completely rotate the leg through the knee.18 It is much easier
to adjust limb length through the knee. Children treated with rotationplasty
generally achieve excellent mobility, but they have a Trendelenburg gait.
An alternative approach is stabilization of the limb by fusing the femur to
the pelvis.19 The knee is retained in a rotated position to provide flexion
and extension close to the hip. The distal femoral growth plate should be
ablated to prevent excessive growth, which will locate the weight-bearing
axis anterior to the trunk. Further studies are needed to determine if it is
better to preserve motion at the expense of energy and joints or provide
stability by fusing the femur to the pelvis (Figure 16).

Rotationplasty Prosthesis
Initially, the limb may appear too long in a younger child but, with growth
of the unaffected limb, the rotated limb will become relatively shorter and
the knee will come to lie at a more appropriate level. It is important to
consider the future growth of the retained growth plates and the need for
additional procedures to prevent compromise of future function that could
result from leaving the limb too long.
The early rotationplasty prosthesis was relatively heavy with a thigh
structure incorporating long hinge arms and a “thigh lacer” component. In
recent years, the prosthesis has been substantially modified and, although
external hinges are still used at the “knee” level, the thigh segment is selfsuspending (Figure 17). Care should be taken to place the hinges at the
axis of rotation of the talus. Radiographic determination of optimal

positioning of the hinges will be aided by placing markers on the skin. As
children grow and make use of their new “knee,” the range of plantar
flexion may increase. However, the temptation to make the prosthesis as
cosmetically pleasing as possible by casting the foot in maximal plantar
flexion should be avoided because the joint will become inflamed as it
operates at its limit, reducing the load-bearing capacity of the calcaneus
and allowing for more pistoning in the prosthesis so that the joints are no
longer optimally aligned.

Figure 15

Diagrammatic representation of the procedure to
fuse the knee and ablate the foot. A, The deficient limb is not
suitable for a rotationplasty; a foot ablation and knee fusion is
planned. B, The skeleton of the limb is shown, with possible
resection levels at the knee marked by the dotted lines. In this
example, the proximal tibial growth plate is retained and the
distal femoral growth plate is removed. The decision regarding
these levels depends on the desired overall limb length at

maturity as indicated by the distal dotted line incorporating the
combination of existing segmental lengths and the available
growth potential. C, The final position of the femur and tibia,
with fixation using an intramedullary nail. Rotational control is
superfluous because the foot has been amputated. D, The limb
after foot ablation and knee fusion. E, The patient fitted with a
prosthesis.

Figure 16

Diagrammatic representation of rotationplasty. A,
A child with a femoral deficiency suitable for treatment with
rotationplasty. B, The ossific nuclei around the knee are shown.
The possible resection levels are indicated by the dotted lines.
If there is adequate femoral length, the femoral resection line
moves more proximally to remove the distal growth plate and a
portion of the femoral metaphysis; the amount is dictated by the
assessment of the expected limb lengths at maturity. C, The
rotated leg with an intramedullary rod in situ. The cross bolts
may be omitted and control obtained with a hip spica. This
technique allows rotation to be adjusted in the postoperative
period. D, The final limb position with the foot rotated. E, The

rotated limb fitted with a rotationplasty prosthesis.

Distal Femoral Focal Deficiency
Distal femoral focal deficiency is discussed as a separate entity for several
reasons. First, in terms of occurrence, it is quite rare. There are isolated
case reports in the English-language literature but no patient studies.20-23
Second, the ossification of the proximal femur is intact and the function of
the hip joint itself appears normal, although Taylor et al22 reported a case
of distal deficiency associated with a hip dislocation.
The clinical appearance of a distal femoral focal deficiency is similar
to that of a severe PFFD, with the foot of the affected limb at the level of
the contralateral knee. However, instability occurs through the diaphyseal
defect of the distal femur. The knee joint may be nonexistent because the
distal femoral condylar component may be fused to the proximal tibia.

Figure 17

A, AP (A) and lateral (B) photographic views of a
rotationplasty prosthesis.

In this setting, the child will require a prosthesis for ambulation.
Alignment of the limb through fusion of the proximal femoral segment to
the tibia will restore stability to the limb and allow better prosthetic

function. Rotationplasty is another option to improve stability and
function. This procedure should achieve a better gait than seen in patients
after rotationplasty for PFFD.

Summary
Although congenital deficiencies of the femur are uncommon, the
diagnosis can be demystified by knowledge of the natural history of the
condition and an understanding of the expected development of the limb.
At the milder end of the severity spectrum, management is essentially the
same as that provided for a limb-length discrepancy, unless the distal
segments of the limb are substantially involved. At the severe end of the
spectrum, most children will be best managed by prosthetic fitting. Within
these extremes, there will be children in whom the potential exists for
essentially normal function; reconstructive procedures and femoral
lengthening are justified in these patients. In some instances, the desire for
reconstruction and normalization needs to be tempered by an appreciation
of the number of surgical procedures and years of a child’s life that will be
involved in the attempt to achieve those goals. A close collaboration
between the treating surgeon and the prosthetic team is essential for
optimal care of children with a congenital deficiency of the femur.
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Knee Disarticulation and
Transfemoral Amputation:
Pediatric Prosthetic
Considerations
David B. Rotter, CPO

Abstract
When fitting a growing child with a prosthesis at the knee disarticulation or
transfemoral amputation level, the treating prosthetist should be aware of
the special concerns regarding suspension and component options. As the
child grows from infancy to adolescence, the main factor influencing
component selection is the space available distal to the prosthetic socket.
Congenital anomalies, such as proximal femoral focal deficiency, present
unique challenges and require a separate fitting protocol.

Keywords: acquired amputation; congenital limb deficiency;
mechanical locking and suction suspension; pediatric
articulating knee; proximal femoral focal deficiency (PFFD);
rotationplasty; Syme ankle disarticulation
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Introduction
Several factors distinguish the care of pediatric limb deficiencies versus
adult amputations. Data suggest that 70% of the children seen in pediatric
clinics have a congenital limb deficiency, and the remaining 30% have
acquired amputations resulting from causes such as trauma and sarcomas.1

For the child who has a congenital limb deficiency, both advantages and
challenges need to be addressed. Children who are born with a limb
deficiency are incredibly adaptable because they know no other existence.
The use of a prosthesis often becomes second nature if it is incorporated
during the child’s growth and development. When not wearing their
prostheses, children also learn locomotion strategies, such as hopping,
scooting, and crawling, which allows for the development of greater
balance and strength in their sound limb. Patients with bilateral lower limb
deficiency use their upper limbs and torso to propel themselves forward on
the ground when not using prostheses, thus affording greater muscle
development and dexterity.
Challenges in care relate to the appearance of the affected limb.
Congenital limb deficiencies can be associated with other anomalies, such
as irregular bone and muscle development, joint instability, and joint
malrotation.2 Data further suggest that 40% of patients have multiple limb
involvement, potentially increasing prosthetic fitting challenges.3 Bony
overgrowth is a challenge specific to an acquired amputation. The growth
of the long bone overtakes the soft-tissue envelope, potentially resulting in
bone piercing through the skin.4
When given the opportunity, it is always preferable for the surgeon to
perform a knee disarticulation that preserves the end-bearing surfaces and
avoids longitudinal bony overgrowth. In the pediatric population, knee
disarticulation is considered preferable to transfemoral amputation for
many reasons. The primary concern in a growing child is that the
development of the affected limb will keep pace with the sound-side limb.
Knee disarticulation preserves the femoral epiphysis, allowing the growth
mechanism in the femur to be unaffected. An end-bearing limb with
primarily intact thigh musculature makes a knee disarticulation
functionally superior to a transfemoral amputation.5,6

When to Begin Prosthetic Care
The literature suggests that it is appropriate to begin prosthetic fitting
when a child reaches the developmental milestone of independently
pulling to a stand.7-9 However, varying opinions exist in the literature on
when to provide a child with an articulated knee. Earlier studies suggested
waiting until age 3 years,10 but the more contemporary approach suggests
that a child should be provided with an articulating knee early in

development, in line with the pull-to-stand milestone.11,12 The benefits of
early fitting with an articulating knee include permitting a child to crawl
and kneel even before standing is achieved.

Early Suspension and Knee Systems
If a summary statement can be made about suspension systems and knee
components for the pediatric patient, it is that one can influence the other.
This fact is most apparent when a child with a congenital limb deficiency
is fit with his or her first prosthesis. Component selection often is
predicated on space allowance.
Just as liner technology has become ubiquitous for adult suspension
systems, liners have steadily become an ideal suspension choice for the
pediatric population. Liners are easy for parents to don on very young
children. In addition, the elastic nature of the material allows for expansion
as the child grows. Liners provide secure suspension, generally eliminating
the need for a suspension belt. If the residual limb is short and lacks
sufficient leverage, a belt can be used to augment suspension and stability.
The disadvantage of using liners is that length is added to the end of the
residual limb. If a liner system is chosen for suspension, the remaining
overall length must be measured, and a decision must be made to
determine which knee articulation system can be used.
An example of some liner and suspension considerations in the first
prosthetic fitting for a child are demonstrated in Figure 1. It is important
that parents be instructed on how to apply the liner and chosen suspension
system. The prosthetist may use a temporary socket to determine the
overall height of the prosthesis. In fitting the child shown in Figure 1,
outside hinges were selected because there was insufficient space for an
articulating knee below the socket, and the knee center would be
impractically low. This would impede the child from crawling. A common
strategy used with outside hinges is to couple them with an anterior elastic
strap attached proximally to the socket and distally to the shin section. The
elastic strap allows the child to crawl with a bent knee and is snug enough
to ensure immediate knee extension on standing. This strap can be
tightened or loosened depending on the child’s ability to control the
articulation throughout his or her maturation and development.
In patients with bilateral transfemoral amputations or knee
disarticulations, matching the anatomic knee center is no longer a primary

consideration. The prosthetist may choose to use bilateral endoskeletal
knee joints (Figure 2). Initially, such prostheses may be intentionally
shortened to minimize the risk of injury from falls. However, as these
children grow and become more stable, length is added to the shin sections
to create better overall symmetry.

Figure 1

Clinical photographs demonstrate some steps and
considerations in the first prosthesis fitting of 6-month-old child.
A, The right limb was revised to a knee disarticulation because
the child was born with an absent tibia and a nonfunctioning

limb distal to the knee. B, The parent is instructed on the
application of the gel liner. C, The donned liner is shown within
the clear socket of the prosthesis. A distal lanyard was fed
through the bottom of the socket to create a lanyard-style
suspension system that is secured with a plastic clip. Also
pictured is an exoskeletal wood block (arrow) attached to the
temporary socket that is used to determine the overall height.
After the appropriate height is determined, articulation can be
added to the knee. D, Outside hinges were used because of
insufficient space for an articulating knee below the socket.
(Courtesy of David B. Rotter, CPO, Scheck and Siress,
Chicago, IL.)

Figure 2

Clinical photograph of endoskeletal components
being fit. (Courtesy of David B. Rotter, CPO, Scheck and
Siress, Chicago, IL.)

The Growing Child
The main factor influencing component selection is the space available
distal to the socket. As a child grows and the relative distance between the
distal end of the socket and the ground increases, a greater range of

component choices becomes available. As more distance is gained,
suspension options become less of a fitting consideration.
Despite a steady increase in component offerings for the pediatric
population, selection is still limited, which is especially true for pediatric
knee systems. As a child grows and gains sufficient clearance, various
four-bar mechanical knee systems can be used (Figure 3, A). Polycentric
knee mechanisms offer several advantages, specifically for pediatric
fittings. The greater range of motion present when kneeling is both
practical and helpful for an infant who is crawling and an older child who
kneels on the ground during play (Figure 3, B).
As greater clearance is achieved with a child’s continued growth, a
polycentric five-bar mechanism can be fit (Figure 4). The advantage of
this system is the increased stability present with a mechanical locking
feature at heel strike or when pressure is exerted on the heel of the foot.
This feature allows for greater inherent stability as the child becomes more
active and traverses uneven terrain during play and sport activities.

Figure 3

A, Clinical photograph of a pediatric four-bar knee.
B, Clinical photograph of the advantages of using a four-bar
knee system, which include greater range of flexion to allow
kneeling. (Courtesy of David B. Rotter, CPO, Scheck and
Siress, Chicago, IL.)

The Active Child
Nearly all children will eventually want to use their prostheses to run. This
process might start with a double hop on the sound-side limb to a single
hop on the prosthesis and will eventually progress to running leg over leg.
Most pediatric knees have a manual friction setting that is good for level,
steady speed walking but does not provide sufficient resistance to heel rise
when running. The child will compensate by using an abducted
circumduction motion, swinging through a stiff leg, or having the leg
shank fully flexed and rebounding off the posterior aspect of the socket
back into extension. Being highly adaptable, children will use their
ingenuity to resolve any design shortcomings of the prosthetic knee. As the
shank length gets longer, the effective pendulum length of the prosthesis
elongates, increasing its swing-phase duration, thus making it increasingly
difficult to run with knees with only friction resistance.

Figure 4

Clinical photograph of a pediatric polycentric fivebar knee. (Courtesy of David B. Rotter, CPO, Scheck and
Siress, Chicago, IL.)

A few fluid-controlled knees have been designed to address this deficit
within the pediatric population (Figure 5, A). At present, further
development of fluid-controlled knee systems is needed to better
accommodate the growing and increasingly more active child.
Polycentric knees can be coupled with highly responsive pediatric
carbon fiber feet (Figure 5, B); however, such dynamic feet will subject
the knee mechanism to greater torques in swing as the child goes from
walking to running. This further supports the need for mechanisms that
will provide greater swing phase control for pediatric patients.

Figure 5 A, Clinical photograph of a fluid-controlled pediatric
knee. B, Clinical photograph of responsive carbon fiber feet.
(Courtesy of David B. Rotter, CPO, Scheck and Siress,
Chicago, IL.)

Figure 6

Clinical photographs of suspension prostheses. A,
Locking liner with lanyard strap. B, Knee disarticulation with
palpable prominent condyles. C, Supracondylar medial door
suspension. D, Seal-in liner. (Courtesy of David B. Rotter,
CPO, Scheck and Siress, Chicago, IL.)

Transitioning to Adult Components
As a child becomes an adolescent, the prosthetist is encouraged to consider
adult components as soon as a child’s limb length and body weight allow.
Adult components offer a far greater array of choices for fluid-controlled

knees and dynamic feet to accommodate the active adolescent.
Endoskeletal components can adapt the standard pediatric 22-mm diameter
pylon to an adult 30-mm pylon, which allows for mixing and matching of
adult and pediatric components.
As previously mentioned, liner technology is used extensively in
pediatric fittings. When a child is young and the bony anatomy is difficult
to palpate, an elastomeric liner will provide good soft-tissue load bearing
in addition to a secure form of suspension (Figure 6, A). As the child with
a knee disarticulation grows older and his or her anatomy becomes more
defined, more traditional means of suspension, such as suspension system
with a supracondylar door, can be used (Figure 6, B and C). This type of
suspension will reduce the distal build height of the prosthesis and allow a
more symmetric knee center.
A modern variant to true suction suspension is a seal-in liner (Figure
6, D), which can be used after a child develops sufficient dexterity and
strength to don and doff the liner independently. Given the rapid growth
considerations that must be accounted for, true suction suspension is
challenging in pediatric prosthetic management.13 The seal-in liner system
offers a better alternative because it does not have to fit as snugly as a true
suction socket. The initial fit can be intentionally loose, requiring the use
of fitting socks. As the limb grows, removal of the interface socks will
accommodate growth and maintain a reasonable socket fit. Importantly, a
positive suction suspension is preserved throughout the initial socket
fitting and subsequent growth accommodations.

Figure 7

Clinical photographs of a child with a proximal
femoral focal deficiency. A, Untreated. B, The child wearing an
extension prosthesis. (Courtesy of David B. Rotter, CPO,
Scheck and Siress, Chicago, IL.)

Congenital Anomalies
Children born with congenital anomalies may have unique fitting
challenges. A prosthetist may encounter uniquely formed limbs and must
think creatively to accommodate the anatomy into a functional prosthesis.
The most commonly seen congenital deformity treated with a transfemoral
prosthesis is a proximal femoral focal deficiency (PFFD), which is also
known as longitudinal deficiency of the femur, partial. PFFD results in a
shortened anatomic femoral length, which raises the ipsilateral ankle and
foot closer to the height of the contralateral (sound-side) knee.
Three potential courses of action exist for pediatric patients with
congenital anomalies at or distal to the knee. The first option is to fit the
limb as is with a modified extension prosthesis (Figure 7). The foot is
placed in full equinus to accommodate the donning of pants. The
articulation is placed as proximally as possible to gain ground clearance
during swing and should be as compact as possible to allow comfortable
sitting. This option accommodates the anatomy the child was born with

and allows the child’s input into future decision making if rotationplasty or
ankle disarticulation is considered at a later date.
The second option is for the surgeon to perform rotationplasty of the
foot (also known as Van Nes rotationplasty). In this procedure, the surgeon
rotates the affected foot 180° to allow the foot to function as a quasi-knee
joint (Figure 8, A and B). The dorsiflexors act as knee flexors, and the
plantar flexors act as knee extensors.14 Outside hinges should be used on
the prosthesis to contour around the malleoli and create a mechanical joint
center that is congruent with the anatomic joint center to create a smooth
reaction at the joint (Figure 8, C). As the child grows older and larger,
stronger outside hinges are required to accommodate the forces generated
in gait. The foot is positioned in full equinus to generate maximum power
for each movement. The shape of the foot in equinus allows for good
suspension over the heel as it becomes prominent enough for selfsuspension. Suspension can be achieved using an anterior door, a strap
over the heel, or a stovepipe-style cushion insert in the distal foot portion.
After rotationplasty, it is common for the foot to start to derotate back
to its original position with the passage of time. As this occurs, the
prosthetist must creatively fashion the articulations to maintain a
semblance of fluid ankle articulation. If the joint incongruity becomes too
severe, surgery is required to reset the limb at an appropriate angle.
The third option for patients with congenital anomalies at or distal to
the knee is surgical ablation of the foot with a Syme ankle disarticulation.
The advantage of this procedure is that it allows the fitting of traditional
prosthetic knee components. The disadvantages include the loss of a
functional joint under physiologic control. In some instances, the decision
to perform a Syme ankle disarticulation can be delayed until the child is
old enough to make his or her own decision regarding the procedure
(Figure 9).

Summary
Children who require transfemoral prostheses may have a wide range of
limb shapes and fitting challenges. Children who have a congenital limb
deficiency are likely to have atypical bone shapes, muscle placements, and
joint irregularities and may have multiple limb involvement. When surgery
is the appropriate course of action to remove a nonfunctioning residual
limb distal to the knee, a disarticulation procedure is preferred. Children

with acquired transtibial amputations are more susceptible to bony
overgrowth. A prosthetic fitting that can accommodate bony overgrowth
may delay the need for revision surgery.

Figure 8

Clinical photographs of a child before (A) and after
(B) rotationplasty. C, Photograph of a pediatric rotationplasty
prosthesis. (Courtesy of David B. Rotter, CPO, Scheck and
Siress, Chicago, IL.)

Figure 9 A, Clinical photograph of a prosthesis worn prior to
elective foot ablation. B, Clinical photograph of a limb after foot
ablation. C, Clinical photograph of the fitting of traditional
prosthetic knee components in an adolescent. (Courtesy of
David B. Rotter, CPO, Scheck and Siress, Chicago, IL.)

The prosthetist must be mindful of the limitation in the available
components to construct a prosthesis for the child with a limb deficiency

caused by a transfemoral amputation or a knee disarticulation. This is
especially true for the youngest patients being fit for the first time.
Congenital anomalies such as PFFD offer unique challenges and have a
separate fitting protocol.
The pediatric patient with a transfemoral amputation, a knee
disarticulation, or a lower limb congenital anomaly is faced with unique
challenges. Those challenges should be viewed by the prosthetist as unique
opportunities to fashion a well-functioning device that will improve the
quality of life for the growing child.
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Hip Disarticulation and
Hemipelvectomy in Children:
Surgical and Prosthetic
Management
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Abstract
Hip disarticulation and hemipelvectomy (transpelvic amputation) are
uncommon in pediatric patients. However, in acute situations, it is helpful to
be familiar with the surgical approaches and prosthetic options for children
undergoing high-level lower limb amputations. Classification based on
etiology may affect overall patient management. The components available
for prosthetic fitting may be limited based on the age of the patient.
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Introduction
Pediatric amputees represent between 10.3% and 11.7% of the overall

amputee population.1,2 Patients with hip disarticulations and
hemipelvectomies (transpelvic amputations) represent approximately 2%
of the amputee population.1 Therefore, pediatric patients with high-level
lower limb amputations represent only 0.2% of the overall amputee
population. Because of the very small number of children with hip
disarticulation or hemipelvectomy, surgeons and prosthetists often have
limited experience in managing these patients, who have special needs and
require special considerations. It is likely that only tertiary referral centers
for pediatric limb deficiency treat enough of these children to collect
adequate objective data to establish both surgical and prosthetic treatment
principles. However, virtually any practicing orthopaedic surgeon can be
faced with an acute situation where hip disarticulation or hemipelvectomy
is necessary to save the life of a child. Traumatic injury and sepsis are
among the main etiologic causes of these high-level amputations. It is
important to be familiar with the basic management principles that guide
treatment and prosthetic fitting to provide these children with optimal care.

Surgical Management: Anatomic Considerations
In most instances of acquired high-level amputation, the surgical treatment
is likely to be dictated by the type of injury or the condition leading to the
amputation. Therefore, the surgeon should be well versed in the anatomy
and the surgical exposures around the hip and pelvis and able to adapt the
approach to the individual circumstances.
Children usually have a healthy proximal blood supply, resilient
tissues, and good healing potential. All three main blood supplies to the
proximal part of the limb can be used as dictated by the circumstance. A
posterior gluteal flap based on gluteal vessels, an anterior flap based on
external iliac/femoral vessels, and a medial flap based on the obturator
vessels can all be used. It is important to be aware that the bony pelvis and
the proximal femur serve as attachments to a host of central skeleton
muscles; their loss or loss of their anchorage can lead to secondary issues
related to pelvic floor support, abdominal wall integrity, and spinal balance
(JI Krajbich, MD, unpublished data presented at the Association of
Children’s Prosthetic-Orthotic Clinics annual meeting, Springfield, MA,
1988).
The pelvis is also the site of several internal organs whose preservation
or removal will depend on the existing pathology and surgeon’s skill.

Because a procedure of this magnitude will have a substantial effect on the
patient’s quality of life and future health, an intimate knowledge of the
underlying pathology and pelvic anatomy is imperative.

Terminology and Classification
Hip Disarticulation
In general, in hip disarticulation it is assumed that there is loss of the bony
structures distal to the hip joint. That is, all of the femur is absent, but the
pelvis, including the acetabulum, is intact and present. The integrity of the
soft tissues can vary with etiology. A special case is the presence of a very
short femoral segment that cannot serve as a functional proximal femur for
the purpose of prosthetic fitting. In such instances, the child will likely
require a hip disarticulation–like prosthetic fitting. This is relatively
important in a very young child facing transfemoral amputation because
loss of the distal femoral growth plate may preclude a functional
transfemoral fitting; therefore, the patient eventually may require a hip
disarticulation–like prosthesis. In some congenital deficiencies, such as
phocomelia, a hip disarticulation–like prosthesis may be required if the
vestigial limb cannot provide transfemoral-like function.

Hemipelvectomy
Partial or complete hemipelvectomy is also called transpelvic or
hindquarter amputation. The limb loss involves not only the whole limb
but also a portion of the central skeleton (the pelvis). Clearly, the
complexity of the surgical approach, if needed, and prosthetic fitting
depends on the presence and integrity of the remaining bony pelvis, the
soft-tissue structures, and the underlying pathologic process.

Classification According to Etiology
Similar to other limb deficiencies in children, high-level lower limb loss
can be either acquired (trauma, neoplasm, or sepsis) or congenital
(amelia), phocomelia (intercalary deficiency), or another type of loss
(conjoined twins).

Trauma
Trauma likely accounts for most high-level amputations in the lower

limbs. Motor vehicle crashes (the child is usually a pedestrian),
lawnmower injuries, and injuries sustained in a war zone are high-energy
injuries that devastate the proximal soft tissues. Frequently, these injuries
are complicated by massive wound contamination and loss of bony
integrity. Because these are serious, life-threatening injuries, resuscitation
of the child by establishing cardiopulmonary stability is the first priority.
Stopping major blood loss is an integral part of this effort. Initially, simple
manual pressure and packing is all that can be done. After the patient’s
condition has stabilized and adequate ventilatory support and fluid
resuscitation has been accomplished, careful assessment of the extent of
the injuries is necessary for a rational approach.
Surgical control of major bleeding and débridement of contaminated
tissue is the next mandatory step. At this point, the treatment team must
decide if any emergent limb salvage procedure can be used.
Revascularization is an important consideration because a relatively short
window of a few hours exists in which an avascular limb can be saved.
Attempts also should be made to preserve and use any relatively intact and
viable tissue to increase the length of the limb and diminish functional
loss. As already mentioned, the ability to preserve the distal femoral physis
can be of major importance in the functional outcomes of very young
children. A major impediment of instituting such reconstructive
procedures in the setting of acute trauma is the absence of an onsite
specialized surgical team. Transfer of the child to an institution with these
capabilities should be considered if feasible.
Additional interventions can be instituted after the patient is stabilized.
Treatment by experienced surgeons in an operating room setting may lead
to more judicial débridement and may optimize the survival of remaining
tissues. A number of débridements with the wound remaining temporarily
open or treated with vacuum suction dressing may be necessary before
final wound closure. Any needed bone or soft-tissue reconstruction can be
part of this process.3-5
Additional techniques can be used to obtain optimal functional results
for each patient. Bone transport, free flaps, rotational flaps, and composite
vascularized graft can all be used.6-9

Neoplasms
In children, Ewing sarcoma is the most common neoplasm found in the
proximal femur or pelvis; however, osteogenic sarcoma and some soft-

tissue sarcomas also occur at these sites. Among the soft-tissue sarcomas
in children with neurofibromatosis type I (von Recklinghausen disease),
peripheral nerve sheath sarcoma is the most frequently encountered
neoplasm.
Because modern treatment of these tumors has shifted toward
chemotherapy and limb salvage, a primary amputation is performed only
in a situation in which limb salvage is not possible because of the
involvement of vital structures and inability to obtain clear resection
margins.10-15 Primary amputation is a relatively rare treatment in a
modern pediatric oncology surgical practice. In the experience of one of
this chapter’s authors (JIK), primary amputation is most likely in a patient
with pelvic neurofibrosarcoma. This neoplasm is resistant to chemotherapy
and radiation therapy and frequently involves several vital structures in the
pelvis; a complete hemipelvectomy is often the only chance for a cure.
Failure of a primary limb salvage procedure, such as endoprosthetic or
allograft replacement in the femur or internal hemipelvectomy is another
situation in which hip disarticulation or formal hemipelvectomy may be
required. Substantial postoperative complications are possible.15-17

Sepsis
Purpura fulminant septicemia, necrotizing fasciitis, and other causes of
infected gangrenous limbs may necessitate proximal limb amputation as a
lifesaving measure.18 The surgical principles used to treat septic shock
will apply. Cardiopulmonary resuscitation, fluid resuscitation, the
administration of massive doses of antibiotics, and débridement of any
obvious necrotic contaminated tissue are also critical to the patient’s
survival. However, the need for a proximal amputation usually does not
apply in patients with purpura fulminans because systemic sepsis generally
leads to ischemia of various body parts, which quite commonly includes
the limbs. In this situation, limbs or parts of a limb can become ischemic
but are not contaminated by infection (dry gangrene). In such a situation, it
is necessary to wait until the final demarcation of necrotic and viable tissue
occurs before deciding on the level of amputations. This final demarcation
may take several days or even weeks; a very proximal amputation is rarely
necessary.
In any of these situations, the usual course of treatment involves
multiple débridements and delayed wound closure until a healthy,
uninfected wound is obtained. Modern, complex wound care techniques,

such as vacuum-assisted dressings, flaps, and skin grafts, are usually used
to achieve wound closure.4

Congenital Defects
Unilateral Congenital Absence of the Whole Limb
Unilateral congenital absence of the whole limb, also known as amelia, is a
rare condition. The treatment mainstay is prosthetic fitting determined by
the extent of the pelvic involvement. Surgical intervention is limited to the
treatment of secondary effects of such a limb deficiency.
Phocomelia
Lower limb phocomelia is not technically a hip disarticulation. Quite
frequently, however, a small deficient, minimally functional foot
contributes little to limb function other than perhaps acting as an improved
anchor for a prosthetic socket. Children with lower limb phocomelia
frequently require hip disarticulation–like prostheses. Surgical intervention
is rarely indicated unless the position or alignment of the affected limb at
the pelvis interferes with prosthetic fitting. In such patients, a realignment
procedure may be indicated. Many of these children have other limb
deficiencies and warrant an individualized approach to maximize their
function.

Figure 1

Radiographs of secondary hip subluxation treated
by Salter innominate osteotomy (A) and innominate osteotomy
and proximal femoral varus osteotomy (B).

Separated Conjoined Twins
Pygopagus conjoined twins (Siamese twins) may be candidates for a
separation procedure. After separation, either one or usually both children
will have a hemipelvectomy-like situation. Separation is a very complex
surgical procedure performed by a multidisciplinary surgical team, and it
usually requires double teams of general pediatric surgeons, pediatric
urologists, pediatric orthopaedic surgeons, and pediatric plastic surgeons.
The soft-tissue defects can be quite large and may require prolonged
treatment before the child is ready for prosthetic fitting.

Hemipelvectomy in Very Young Children
The absence of a hemipelvis has a substantial influence on the
development of a child’s spine and contralateral hip. The loss of
abdominal wall integrity, paraspinal muscle integrity, and iliopsoas
integrity all lead to early paralytic-like lumbar scoliosis convex to the side
of the absent hemipelvis. The remaining hemipelvis is at the caudal end of
the scoliotic curve and tilts into abduction. Consequently, the remaining
hip is forced into an adducted position with respect to its acetabulum. This
leads to uncovering of the femoral head and, in a young child, the
development of further hip dysplasia and eventually hip subluxation. Both
surgical and prosthetic techniques are needed to treat these patients.
Initially, prosthetic treatment incorporates a spinal brace into the
prosthetic design. However, a progressive worsening of the deformity may
require surgical treatment. Surgical treatment of scoliosis and/or
osteotomies around the hip, on the femoral as well as the pelvic side, may
be required (Figure 1). In some of these children, other organ deficiencies
and their treatment (for example, colostomies and other enterostomies) can
make treatment even more challenging. A child with a colostomy or
enterostomy on the prosthetic side may be more functional without a
prosthesis; a walker or crutches and a swing-through gait may provide
more effective locomotion.

Prosthetic Management
As previously stated, pediatric patients with hip disarticulation or
hemipelvectomy are a small and specialized population. Studies of adults
with hip disarticulations or transpelvic amputations have traditionally

shown high prosthetic rejection rates19,20 because of the combination of
socket discomfort and the high-energy cost of ambulation. Although these
factors exist in the pediatric population, prosthesis rejection rates have
been found to be as low as 10%.21
It should be noted that there are important differences between
pediatric patients with high-level lower limb loss and their adult
counterparts. The first major physiologic distinction is the rate of energy
consumption. For pediatric patients with hip disarticulation and transpelvic
amputation, the oxygen consumption cost has been reported at 151% and
161% of normal, respectively.22 Their adult counterparts have energy
consumptions levels reported as high as 200% of normal.23 A second
difference between pediatric and adult amputees is the most common
causes of amputation. In adults older than 60 years, the most common
causes are vascular disease or trauma. In pediatric patients, the primary
causes of amputation are tumor or congenital amputation.1 In addition, the
smaller body mass of a pediatric patient, particularly at younger ages,
decreases the force on weight-bearing areas of the body. This in turn
decreases the need for additional padding or thermoplastic material to
create a comfortable socket and reduces the overall weight of the socket
without compromising structure.
Prosthetic fitting in pediatric patients is complicated by their constantly
changing body size, changes in functional levels, the limited availability of
appropriately sized prosthetic components, and conflict between the
weight of the prosthesis and its durability. These challenges can be
mitigated by following the sound prosthetic fitting principles of good
communication, regular patient follow-up, appropriate component
selection, and flexibility in prosthetic design.

Biomechanics and Prosthetic Alignment
No studies are available that show differences in the biomechanics of gait
between pediatric and adult patients treated with hip disarticulation or
transpelvic amputation; therefore, the descriptions of the gait
biomechanics of hip disarticulation and transpelvic amputation will follow
the descriptions of Radcliffe,24 Raiford and Epps,25 and Solomonidis et
al.26 At initial contact, the ground reaction line runs posterior to the ankle,
anterior to the knee, and anterior to the hip. Solomonidis et al26 subdivided
and described hip disarticulation gait in terms of axial force, anterior-

posterior knee moment, anterior-posterior hip moment, medial-lateral hip
moment, and torque. The axial force follows a double-bump pattern, which
reaches a maximum force at approximately 20% of the gait cycle,
maintaining a force approximately equal to body weight until
approximately 50% of the gait cycle, and then it diminishing to zero at toeoff. The anterior-posterior knee moment begins with a small extension
force until 30% of the gait cycle; at that point, it increases to its maximum
force, which is maintained to 55% of the gait cycle. At that point it starts
its decrease to zero at toe-off. The anterior-posterior hip moment is
described as a flexion moment caused by contact of the hip joint with the
flexion limiter. There is a brief reversal of this force between 10% and
20% of the gait cycle, then the force returns to an extension moment,
which reaches its maximum just before toe-off. The medial-lateral hip
moment follows that of an able-bodied individual, with the moment
adducting the hip with a maximum force at 35% of the gait cycle. Torque
was also shown to be very similar to that of able-bodied individuals, with
maximum force occurring at approximately 50% of the gait cycle in the
internal direction.24-26 This brief description of the biomechanics
highlights both the similarities and differences between hip disarticulation
and normal gait.
Prosthetic alignment in a pediatric patient with a high-level lower limb
amputation should follow similar biomechanical principles to that of an
adult. The primary goals are to allow maximum stability in stance and
necessary mobility in the swing phase of gait. However, the alignment of
the prosthesis should not be overly stabilized. The adult standard of
placing the weight line 1.0 to 1.5 inches anterior to the knee joint at
midstance27 should be scaled appropriately for the size of the pediatric
patient. For example, the aforementioned offset may be appropriate for an
adult with a hip-to-floor length of 91 cm but a pediatric patient with a hipto-floor length of 45 cm would require a midstance offset of approximately
0.5 to 0.75 inch.

Hip Disarticulation Versus Transpelvic Amputation
Throughout the remainder of this chapter, the prosthetic care of pediatric
patients with hip disarticulation or transpelvic amputation will often be
treated synonymously. It is necessary at this point to delineate important
and specific differences in the treatment of these two high-level

amputations. These differences are primarily centered on the pelvic
anatomy and socket designs.
For the patient with a hip disarticulation and a fully intact hemipelvis,
weight-bearing forces are distributed over both bony and soft-tissue
surfaces (Figure 2). This distribution allows the prosthetist to maintain
maximum control over the prosthetic device by taking advantage of the
ischial tuberosity, high anterior and posterior socket walls, and
containment of the iliac crest. It should be noted that patients with very
short femurs or those with phocomelia with a deficient foot attached at the
hip are fitted with a prosthesis as though they had a hip disarticulation.
Although they technically do not have a hip disarticulation, these
nonfunctional distal elements necessitate prosthetic treatment with a hip
disarticulation prosthesis.
Conversely, because the patient with a transpelvic amputation may
have few, if any, of these bony structures, weight bearing will be necessary
through hydrostatic forces applied to the soft tissues of the amputated side.
Suspension of the prosthesis for a patient with a transpelvic amputation
may be further enhanced by the use of a suction socket to help maintain
intimate contact with the soft tissues.28 Both of the sockets will likely
require iliac crest containment of the contralateral side to improve coronal
plane stability, which is typically done through the use of a single-piece
socket with a flexible posterior element. The transpelvic socket design
often includes the addition of a lumbar or thoracic extension on the
amputated side. This extension is integral to the socket and designed to
address the likely development of scoliosis, which is almost universal in
this patient population (Figure 3). This design allows easy donning of the
prosthesis while maintaining enhanced rotational control. The transpelvic
socket typically has a taller proximal trim line in an attempt to reduce the
risk of induced scoliosis. The patient with a hip disarticulation may be able
to obtain contralateral iliac crest containment using a two-piece prosthetic
design with the segments connected with nylon or polyethylene
terephthalate straps. The advantages of this design over a one-piece socket
are reduction in overall socket weight and increased comfort.
In the patient with bilateral high-level amputation, the use of
prostheses is rare except for therapeutic standing. For this population, the
primary purpose of a prosthetic socket is to provide a balanced pelvis for
sitting, spinal support, and containing abdominal viscera.

Pediatric Considerations
Pediatric patients tend to be more active and have a higher functional
level, decreased oxygen consumption, and more pressure-tolerant soft
tissues, and they may be more motivated than adults with the same level of
amputation.29 These advantages, however, are offset by the disadvantages
of limited choice in prosthetic components, high relative prosthetic weight,
and the limited experience of clinicians in treating children with high-level
lower limb amputation.

Figure 2

AP radiograph of the pelvis of a child with rightsided phocomelia. The patient will be fitted with a functional hip
disarticulation prosthesis.

Limitations in prosthetic components specifically designed for
pediatric patients represent a substantial barrier to producing a prosthesis
that is functional, durable, and sufficiently lightweight. Weight is
extremely important considering that the typical adult prosthesis for a
high-level lower limb amputation weighs between 5.75 and 6.20 kg.23
This means that for the typical 6-year-old child weighing approximately 21
kg,30 a prosthesis built with adult components and based on adult
principles would represent greater than 25% of the child’s body mass.
Current options for pediatric hip joints include the Child’s Play Littig
Hip Disarticulation System (Trulife), the 7E8 hip joint (Ottobock), and
3K51 Modular Hip Joint (Euro International). Knees produced for
pediatric amputees provide a larger variety of options, but not as many as
available to adult patients. When choosing a knee, mechanical or
pneumatic options should be considered because they tend to be lighter in

weight than hydraulic options. When the knee is to be used in functional
gait, the selection of a polycentric option is encouraged. A polycentric
knee will provide an effective shortening of the prosthetic limb in the
swing phase of gait. The knee is the only pediatric prosthetic component
that provides this benefit because polycentric hip joints are currently
available only in adult sizes. The foot component of the prosthesis
provides the greatest variety of pediatric options, nearly equaling those
available to the adult amputee. When selecting components for a child’s
prosthesis, the goals of minimal weight and high durability are often at
odds, but both must be a priority to achieve a successful outcome.

Figure 3

Photograph of a hemipelvectomy prosthesis with a
thoracic extension to control 2° of scoliosis.

The anatomy of a pediatric patient with a high-level lower limb
amputation should be taken into special consideration when attempting to
produce a good fitting and high-functioning prosthetic device because of a

combination of factors, including body size and the cause of amputation.
The small body size, particularly of a preteen, often provides only minimal
surface area for weight bearing and control of the prosthesis. Structures
such as the ischial tuberosity may be too small to provide sufficient surface
area for a classic socket design. In some children, the anatomy may also
create additional fitting complications, such as a child with a congenital
hip disarticulation who has a nonfunctional proximal femoral segment or a
child with a congenital transpelvic amputation with a partial but atrophic
hemipelvis.

Figure 4

Clinical photographs depicting the casting
technique for a hip disarticulation prosthesis. A, The patient
with casting garment applied, providing little definition to the
waist groove. B, Tape is applied to define and accentuate the
waist groove.

Casting and Modification
Although casting methods for hip disarticulation and transpelvic amputees
are substantially different, both procedures start with a thorough physical
examination. Whenever possible, this should include the examination of
pelvic radiographs to provide a full understanding of the remaining bony
structure. An interview with the patient and family is also indispensable in
determining functional level and realistic goals, as well as providing
appropriate education to patients and their families. Only after establishing

this knowledge base should the casting process begin.
Hip Disarticulation
Prosthetic casting for the patient with a hip disarticulation should follow
the principles applicable to an anatomic hip disarticulation socket.31,32
This casting method relies primarily on containment of the hemipelvis,
including the ischial tuberosity and pubic ramus. To obtain an intimate
socket fit with this design, the patient is placed in a snug fitting casting
sock suspended over the shoulders to maintain suspension. Electrical tape
is then applied from the sound-side greater trochanter anteriorly around to
lay superior to the iliac crest on the amputated side. The tape is then
continued across the lumbar region and over the top of the sound-side iliac
crest. Finally, the tape is continued across the midline, thus well defining
the waistline above the iliac crest (Figure 4). This is an excellent method
of defining the waist without distorting the shape of the impression
through the use of tubing. Following this step, bony landmarks and areas
of notable anatomy should be marked on the casting garment with an
indelible marker and appropriate measurements taken.
Casting is now ready to begin. At the Shriners Hospital for Children in
Portland, Oregon, a flexible fiberglass casting tape is used over plaster.
This is a quick and clean method that provides excellent tissue
compression while sacrificing very little in shape capture. When applying
the casting medium, complete coverage of the amputated side, including
the ischial tuberosity and the pubic ramus, is necessary. The cast should be
extended completely around the waist to provide two distinct advantages:
(1) It suspends and compresses the mold and (2) it will provide a mold for
the pelvic support for the sound side. After the casting tape is applied, a
casting stand may be used to provide weight bearing and stability while the
clinician uses his or her hands to mold the contours of the socket. At this
point in the casting procedure, anterior and posterior casting wedges
should be used to achieve a snug anterior-posterior dimension.33 For
younger children, it may be more practical for a clinician to provide
support and stability because the support surface of a casting stand may be
too large for a child. The mold should be removed at the anterior midline.
After removal, it should be examined to ensure that the appropriate shape
has been captured. If the resulting cast does not have easily identifiable
relief for all bony structures, recasting is necessary. This may appear to be
an unnecessary step; however, when modifying an unfamiliar socket shape

it is better to smooth than to sculpt.
Transpelvic Amputation
Casting of the child with a transpelvic amputation should be done using
the suspension casting technique. This method of casting gives an
excellent approximation of the hydrostatic pressures that the patient will
experience in the prosthetic socket.34,35 It has the added advantage of
freeing the practitioner’s hands to mold around any residual pelvic
anatomy and give the cast the desired shape.
The process of casting the child with a transpelvic amputation begins
with the application of a casting garment of sufficient strength to provide
support for at least 50% of the patient’s body weight because 50% or more
of his or her weight will be supported by the sound-side lower limb. Any
residual pelvic anatomy as well as the sound-side bony structures should
then be marked with an indelible pen. The patient is then wrapped in
casting media; fiberglass is recommended rather than plaster because
fiberglass provides superior compression of the soft tissues. This mold
should wrap around the sound side at the waist groove in the same manner
as described for the hip disarticulation casting procedure. The medial
border of the cast should be extended well past the midline of the body.
This is important because the medial trim line of the socket will extend as
far across the midline as possible to prevent herniation of the viscera.36
After the casting material is applied, anterior and posterior casting blocks
may be used to give the socket the appropriate shape. This increases
control for the patient and creates the proper anterior shape for placement
of the hip joint lamination plate.
Prior to filling and modification of the model, it should be checked
against measurements taken at the time of molding. This is particularly
important of the anterior-posterior dimension because this provides the
basis for control of the prosthetic limb. If the anterior-posterior dimension
of the cast is greater than the measurement, it can be decreased by cutting
through the floor of the cast and overlapping the cut. This should allow
sufficient adjustment to the anterior-posterior dimension. The cast should
be then filled and modified as appropriate for the type of socket being
fabricated.

Prosthetic Design

Ages 9 to 18 Months
At the time a child starts to demonstrate the desire to pull to stand, it is
appropriate to begin prosthetic treatment of a child with a high-level lower
limb amputation. The child with amputation at this level may be delayed in
reaching the pull-to-stand milestone, depending on the cause of
amputation. For example, the child who has undergone amputation for
tumor removal will likely be delayed because of extensive medical
interventions and hospitalizations. It is also beneficial to begin educating
the child’s family as early as possible because this relationship will be
extremely important in the ultimate success of prosthetic intervention. A
simple lightweight design consisting of a laminated socket, hip joint,
pylon, and foot is suggested (Figure 5). Examples of appropriate
prosthetic hips would include the 7E8 hip joint and 3K51 Modular Hip
Joint. Foot options include offerings by various manufacturers, such as
Trulife, Kingsley MFG Company, and TRS. These foot prostheses are
lightweight, simple, and stable, and they meet the needs of weight-bearing
support appropriate for early locomotion. Early gait often requires
additional support in the form of furniture cruising, an appropriate push
toy, or a walker. Children in this age group also greatly benefit from the
intervention of a physical therapist, preferably with pediatric prosthetic
experience.

Figure 5

Photograph of an initial hip disarticulation
prosthesis with a hip joint, no knee, and a basic foot. Note the
anterior bulge of an ostomy bag, which further complicated this
fitting.

Figure 6

Anterior photographic view of a hip disarticulation
prosthesis in the dynamic alignment phase. Components
include a hip joint, a locking knee, and a basic foot.

Ages 18 to 48 Months
As the child grows, the first substantial change in prosthetic design is the
addition of a monocentric manual locking knee (Figure 6), which provides
the child with continued stability as well as allowing the knee to bend for
sitting activities and eliminating the protrusion of the foot while sitting (a
substantial drawback in a monolithic pylon system). Examples of this type
of knee include the 3K41 knee (Euro International) or 3R30 knee
(Ottobock). These and similar knees have the additional advantage of
being very lightweight, thereby reducing the energy cost of gait. In
contrast, patients in this age range with a transfemoral amputation would
be fitted with an articulated knee.37 Patients with transfemoral
amputations and knee disarticulations have better control of their
prosthetic devices because of the longer lever arm of the prosthesis.

Figure 7

Lateral photograph of a hip disarticulation
prosthesis with the Littig hip, a pneumatic knee, and a carbon
fiber foot.

Ages 4 to 8 Years
As the child grows and matures, the transition to functional knees and
more dynamic feet are appropriate next steps. The transition to a knee that
flexes and extends as the prosthesis moves through the swing phase of gait
allows a more natural and rapid gait.38 An additional benefit can be gained
by using a polycentric knee, which, when flexed, creates a functional
shortening of the distal segment of the prosthesis. This in turn reduces the
need for gait compensations such as vaulting and circumduction. Examples
of this type of knee are the Total Knee Junior (Össur) and the PK-400
(TiMed). When selecting a knee for children in this age group, it is
important to keep in mind the weight and durability of the component as
well as the clearance above the foot because an overly long knee could
result in uneven knee centers.

After the required prosthetic foot size exceeds approximately 13 cm,
foot options expand. It is important to remember the balance between a
dynamic foot and the stability necessary to control the hip and knee in
stance. Examples of feet that provide this balance include the Truper Foot
(College Park) or the Childs Play Foot (Trulife). These feet as well as
other prosthetic feet provide the function necessary for a stable and
efficient gait.
When a patient is transitioning from a locked knee to a functional
prosthetic knee, it is highly beneficial for the patient to be treated by a
physical therapist with experience in pediatric prosthetic gait training. The
therapist can be a valuable resource and will greatly improve the
likelihood of a successful prosthetic outcome.39

Ages 8 to 12 Years
For a child with a hip disarticulation or transpelvic amputation who is 8 to
12 years of age, a full spectrum of pediatric prosthetic components are
available because body size is generally sufficiently large. These options
include the pediatric Child’s Play Littig Hip Disarticulation System, which
allows for greater alignment adjustability and has a carbon fiber femoral
pylon (Figure 7). This carbon strut functions to capture energy during
stance, which is released during swing, resulting in a more energy efficient
gait as well as a more natural path for the center of mass throughout the
gait cycle.40
For children in this age range, prosthetic knee choices are similar to
those available for children 4 to 8 years of age. Exceptions include fourbar pneumatic knees such as the TK-4P0C (DAW Industries). This type of
knee is slightly longer than those previously mentioned and requires a
greater body height for adequate clearance above the foot. These knees are
advantageous because they functionally decrease in length when flexed
and pneumatic control allows greater control of the knee motion through
the swing phase. The swing phase control is achieved with a smaller
weight penalty compared with hydraulic-controlled knees, which is
important in maintaining efficient gait. A few more prosthetic foot options
are available, and more dynamic carbon fiber options are appropriate.
Children of this age usually have adequate muscular strength and body
awareness necessary to control a prosthetic hip and knee over a more
dynamic foot. When selecting components for a specific patient, it is
important to keep in mind not only the patient’s needs and desires but the

interplay of the components and their increasing complexity.

Ages 13 to 21 Years
The principles applicable to patients aged 13 to 21 years also applies to
very active patients of all ages with high-level lower limb amputations. As
pediatric patients enter this age group, they approach adult stature, but
their body mass is usually less than that of adults. This is especially true
for female patients, who physically mature approximately 2 years ahead of
males.41 For a pediatric patient with a nearly adult-sized body, the full
spectrum of adult components is available for use in creating the
appropriate prosthesis.
The socket can now be altered to include the use of soft thermoplastics
or gel to provide increased comfort and improved pressure distribution. In
this older pediatric population, the objections to using such materials are
negated because the prosthesis represents a smaller percentage of total
body mass and therefore has a smaller relative drag on walking efficiency.
The use of many types of materials may be appropriate if the goals of
comfort and prosthetic control are maintained. Alterations can range from
the simple addition of gel in the area of the ischial tuberosity and ramus to
a full flexible inner socket with a rigid frame to a complete custom gel
interface. The needs of the patient should be paramount in making
decisions, keeping in mind that socket discomfort is the primary reason for
rejection of hip disarticulation or transpelvic prostheses.20
The selection of a hip joint for these patients is limited to the few hip
joints on the market, which have changed little from the first hip joints
used in the early 1950s. This is true with the notable exceptions of the
Child’s Play Littig Hip Disarticulation System and the Helix 3D hip
(Ottobock). The former device, which was described earlier, is a singleaxis hip that incorporates a carbon fiber strut to capture and return energy
to increase the efficiency of gait. The Helix 3D hip is a polycentric joint
with hydraulic control of both the swing and stance phases of gait. In
addition, this joint is designed to link hip flexion and extension with
transverse plane hip rotation.42 These design advantages allow for the
functional shortening of the prosthesis during swing through the use of a
polycentric mechanism and a gait pattern that very closely simulates that
of able-bodied peers.26,42 Drawbacks to the Helix 3D hip include cost and
the necessity to use the C-leg knee (Ottobock) and a compatible foot (also
from Ottobock). Another potential drawback is the incompatibility of a

microprocessor-controlled knee with the lifestyle of many pediatric
patients, which can potentially expose the device to water and dirt. The
patient must also be responsible enough to routinely charge the device.
Although these knees have proven beneficial in some patients, the use of
microprocessor components in lower limb prostheses is not recommended
until the later teenage years when growth is complete.
Multiaxial knees with either pneumatic or hydraulic control of the
swing phase of gait may also be appropriate for patients in this age group.
Although hydraulic knees can be an excellent choice, they are slightly
heavier than pneumatic knees, which may be a consideration particularly
in a patient with a low body mass. Knees in this category include the
1325A knee (ST&G Corporation) and the Total Knee 2000/2100 (Össur).
An additional knee choice is a knee similar to the KX06 knee (Endolite),
which provides hydraulic control of both the swing and stance phases
while maintaining a polycentric design that is important to toe clearance.
Patients in this age group may also benefit from the addition of a
rotation adaptor such as the 4R57 (Ottobock). This component, which is
typically installed directly above the prosthetic knee, allows the patient to
rotate the prosthetic leg a full 360° at that point. This allows a patient to
more easily enter the front seat of a car or to cross his or her legs. This
device also allows the patient to move the prosthetic foot away from the
gas and brake pedals when driving an automobile.
The choice of a prosthetic foot should be dictated by the activity level
of the patient and his or her need for more stability or more mobility.
Because it is important to carefully consider how the function of the foot
will affect the other components in the prosthesis, the foot should be the
last of the major components selected when formulating a prosthetic
prescription. For example, the use of a carbon fiber foot with a long spring,
such as the Silhouette (Freedom Innovations), may induce a greater knee
flexion moment at heel strike while creating enhanced energy return as the
patient transitions from terminal stance into swing. This provides a more
dynamic but less stable prosthesis, which may be entirely appropriate for a
highly active patient. However, the selection of a Trustep foot (College
Park), which has greater heel compliance, decreases the knee flexion
moment at heel strike and produces a more biomechanically stable
prosthesis that may be more appropriate for a patient who requires more
stability because of activity level or environment.

Summary
Both the surgical approach and subsequent prosthetic fitting can be quite
challenging in a pediatric patient with a hip disarticulation or a transpelvic
amputation. These children require an individualized approach depending
on the integrity of their remaining tissue. The initial amputation procedure
should concentrate on preserving as much bony skeleton as possible and,
in young children, preserving the critical growth plates to enhance
functional benefits as the child ages. Most of these children require a
multidisciplinary team approach, both in the initial acute phase of
treatment and until skeletal maturity and beyond.
The successful fitting of hip disarticulation or transpelvic prosthetic
devices in pediatric patients is a complex task. Successful prosthesis use
can be confounded by limitations in available componentry, extreme levels
of activity, and the ever-changing body of the growing child. The
constantly changing pediatric patient will require closer follow-up than an
adult patient as well as the establishment of a positive, trusting relationship
with both the patient and his or her family. Success is determined by
careful attention to the needs of the specific pediatric patient and his or her
family as well as socket fit, component selection, alignment, and the
expertise of the members of the medical team.
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Abstract
Rotationplasty is a surgical technique that maximizes the functional potential
of children and young adults who have a high-level terminal amputation or
were born with a significant intercalary lower limb deficiency, such as
proximal femoral focal deficiency. It is helpful to be familiar with the
surgical techniques for acquired and congenital deficiencies and prosthetic
management of the residual limb.
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Introduction
Rotationplasty, which is also referred to in the literature as a Borggreve
procedure, a Van Nes rotationplasty, or a tibial or femoral turnaround
procedure, has undergone several modifications since its original

description. The principle of rotationplasty, however, remains the same: A
healthy, functional joint (usually the ankle) is used as a substitute for the
loss of a more proximal joint (usually the knee). For the ankle to function
as a biologic knee substitute, it must be brought up to the level of the
contralateral knee and turned 180° to function in the plane and range of a
normal knee (Figure 1). The foot distal to the ankle joint is then a belowknee component of the limb and is fitted with a transtibial-like prosthesis
(Figure 2). Ideally, the child’s function then resembles that of a patient
who has undergone a transtibial amputation.
Borggreve1 first described the procedure in 1930 for a patient with
tuberculosis of the knee. In the 1950s, Van Nes2 published his variation of
the procedure, which was used for congenital limb deficiency.
Rotationplasty and its subsequent modification gained some popularity for
the treatment of congenital femoral deficiencies,3-5 most frequently
proximal femoral focal deficiency (PFFD), and are used in several
pediatric orthopaedic centers, primarily in North America and Europe. In
the late 1970s in Vienna, Austria, Salzer et al6 modified the procedure for
limb salvage in patients with osteosarcoma of the distal femur. The
procedure was further adapted for use in limb salvage of limbs with tumor
in the proximal tibia and also in lesions involving the proximal femur,
where the rotated knee can be used as a substitute for a hip joint. Since
then, rotationplasty has been applied in a variety of conditions where the
distal part of the limb with the functional distal joint can be salvaged, but a
proximal joint cannot be salvaged. The greatest barrier to the wider
acceptance of this technique appears to unfamiliarity with the procedure.79

In addition to a cooperative patient, an optimal functional outcome in
these procedures requires a successful surgical outcome, a diligent
rehabilitation regimen, and expert prosthetic fitting. The rotationplasty
prosthesis, albeit relatively inexpensive in terms of the prosthetic
components, requires significant expertise on the part of the prosthetist to
achieve a functionally optimal outcome.

Surgical Considerations
Indications
The primary reason for rotationplasty, compared with a transfemoral
amputation, is to provide a patient with a biologic knee substitute that

would improve gait efficiency, energy consumption of ambulation, and the
ability to walk on uneven surfaces. Ideally, the resulting function is very
similar to that of a transtibial amputation.
The indications for rotationplasty or its various modifications can be
classified into two main categories: (1) congenital lower limb deficiency
(usually but not always PFFD) and (2) acquired deficiency with
rotationplasty as a form of limb salvage. The underlying condition is most
frequently a malignant tumor in a child or a young adult, but it also is used
for other etiologies, such as trauma, infection, and the failure of previous
limb salvage or reconstruction procedures.

Figure 1

AP (A) and lateral (B) clinical photographs of a
male patient treated with rotationplasty.

Figure 2

Clinical photographs of front (A) and side (B) views
of a child with a rotationplasty prosthesis.

The surgical technique differs for each category, so each has a separate
description in this chapter. However, some general principles apply to both
categories.

Prerequisites
The joint to be transferred or rotated must have functional range of motion,
and its nerve supply must be intact. Vascular supply to the distal part of
the limb must be preservable or reconstructible. Motor supply to the newly
reconstructed joint must be present and functional.

Absolute Contraindications
The absolute contraindications are a failure to satisfy the prerequisites. A
poorly perfused or insensate foot with restricted range of motion is a poor
substitute for other reconstructive methods or a modern transfemoral
prosthesis. The procedure is contraindicated in patients with malignant
tumors where adequate oncological resection margins do not allow for
major nerve preservation.

Relative Contraindications
The relative contraindications are primarily subjective. In the opinion of
one this chapter’s authors (JIK), the primary reason that this procedure is
not more widely performed, particularly in patients with PFFD and young
(first and second decade) patients with cancer, is the treating surgeon’s
unfamiliarity with the procedure. The somewhat odd appearance of the
reconstructed limb can occasionally be a deterrent. Functional
expectations, particularly in patients with a tumor, also play an important
role.10 An active lifestyle versus a relatively sedentary lifestyle with
potential multiple reoperations in the future may weigh on the child and
any parental decision regarding the procedure chosen. The patient and the
family must be comfortable with the decision to proceed with the proposed
surgical approach. A lack of appropriate prosthetic services also is a
relative contraindication; however, this criterion should be limited only to
very underserved areas or countries. The prosthetic componentry is
relatively simple, and the skill for making the prosthesis is acquirable and
learnable. Having a well-functioning rotationplasty limb and prosthesis
allows excellent function resembling that of a transtibial amputation.
Having a functioning biologic knee-like joint provides for improved
energy consumption in gait and improved agility and ability to walk on
uneven surfaces.11-15

Rotationplasty for Children With PFFD
PFFD is a congenital abnormality of the femur that varies in severity from
a deficit primarily in the subtrochanteric region of the femur to virtual
complete absence of the femur16-20 (Figure 3). For the purpose of this
discussion, only true PFFD versus congenital short femur as described by
Gillespie and Torode21 will be considered. The most frequently used
PFFD classification was developed by Aitken,22 and all four types (A
through D) are potentially suitable for rotationplasty if the child has a
relatively normal foot and ankle complex. The presence or absence (or
various degrees of dysplasia) of the hip is not a contraindication to the
procedure. In patients with a reconstructible hip (Aitken types A and B),
hip reconstruction is usually performed as a second procedure 1 or 2 years
later. In addition, in normalizing the hip joint, the procedure allows for
fine-tuning of the rotationplasty as to the length and rotation of the new
thigh.23

The rotationplasty procedure has been modified several times since
first being introduced by Van Nes.2 Initially, the rotation was performed
through the diaphysis of the tibia and the fibula, either alone or combined
with knee fusion.4,5,24 The addition of knee fusion has been a major
contribution to the surgical treatment of PFFD, with or without
rotationplasty. It was first described by King and Marks25 and has become
a standard part of PFFD treatment.25-27 A single-bone thigh is aligned
under the hip joint, thus allowing for restoration of the biomechanical axis
of the limb in the sagittal plane.25-27 Taking advantage of knee fusion,
Gillespie and Torode28,29 incorporated a substantial portion of the rotation
through the knee fusion and the remainder through the tibial diaphysis.30
Still, the relatively common phenomena of derotation led one of this
chapter’s authors (JIK) to modify the procedure even further. In most
patients, the entire rotation is carried through the knee fusion, which
necessitates detachment of all vascular and tendon structures crossing the
knee joint and careful mobilization of the neurovascular bundles to ensure
a viable functional limb.23

Surgical Technique
The child is placed on a radiotranslucent table in a supine position, with
the affected limb draped free. The posterior tibial and anterior tibial
arterial pulses are marked on the skin for easy location and later
monitoring. A “lazy S” incision is made over the knee area starting
proximally and laterally, crossing the knee anteriorly at the level of the
joint and curving medially and distally. The practice of one of this
chapter’s authors (JIK) is to first identify and dissect free the peroneal
nerve on the lateral side. The biceps femoris and pes anserinus muscles
and tendons are divided at the level of the knee joint. The two heads of the
gastrocnemius muscles are detached as close to their origin on the femoral
condyles as possible. Care must be taken not to disrupt the nerve supply to
the gastrocnemius muscle because this muscle, together with the soleus,
will become the reconstructed knee’s primary extensor. This process
allows for good visualization of the popliteal fossa neurovascular bundle.
The patellar tendon is then divided, and complete capsulotomy of the knee
joint is performed, carefully protecting the posterior neurovascular
structures. The collateral and cruciate ligaments, if present, also are
divided. The remaining muscular structures (semimembranosus and
popliteus) are then identified and divided, which allows for good exposure

of the popliteal artery and vein, which are further mobilized by dividing
the geniculate branches. The distal femoral epiphysis and metaphysis and
the proximal tibial epiphysis and portions of the metaphysis are thus
exposed. The proximal tibial epiphysis together with the physis and a
small portion of the metaphysis (approximately 5 mm) are excised with a
saw. Likewise, the distal femoral epiphysis together with its physis and a
portion of metaphysis are excised. The extent of the metaphyseal excision
is guided by the ease of rotation of the distal part of the extremity.
Complete 180° rotation must be achievable without vascular compromise.
The previously marked peripheral pulses are carefully monitored with a
sterile Doppler probe. Any compromise in circulation must be addressed
by additional dissection and mobilization of the vessels and/or additional
shortening of the femoral metaphysis.

Figure 3

Clinical photograph of a young child with proximal
femoral focal deficiency before rotationplasty.

The procedure is then completed by arthrodesis of the tibia, which is
rotated 180° to the femur using intramedullary fixation of a Rush rod and
securing the rotation alignment with either a cross pin or a small plate
(Figure 4). Maintaining good vascular perfusion as monitored by Doppler
is critical at this stage. Any compromise must be addressed immediately

by further vessel decompression and mobilization. In very rare instances,
the rotation can be controlled by cast immobilization without an internal
cross pin, allowing less-than-perfect rotation but obviating the need for
implants. The final desired rotation can be achieved in 1 or 2 weeks during
a cast change under anesthesia.

Figure 4

AP radiograph (A) and MRI (B) of a child with leftsided proximal femoral focal deficiency (Aitken type B). C,
Intraoperative radiograph of the same child with a completed
rotationplasty. A Rush rod and cross pin were used to control
the rotation.

Before skin closure, the distal portion of the quadriceps is attached to
the gastrocnemius to maximize knee extension power. Skin closure is
sometimes facilitated with the trimming of excess skin.

Postoperative Care
The child’s limb is immobilized in a hip spica-like dressing or a cast for 6
weeks, after which intensive rehabilitation with physical therapy is started
(Figure 5). After both the arthrodesis and soft tissue are healed, the child
is fitted with a rotationplasty prosthesis and begins physical therapy–
guided gait training.

Alternative Technique
Brown31 described a modification of the rotationplasty technique for
patients with Aitken types C and D longitudinal deficiencies of the femur
in an attempt to provide such patients with a stable hip. Arthrodesis of the
distal femur to the side of the pelvis is performed with the leg rotated 180°,
similar to the procedure described by Winkelmann32 for tumors of the
proximal femur and the hip (as described later in this chapter). Frequently,
a very short femoral segment and an abnormal knee in these higher grade

PFFDs limits the number of patients suitable for this procedural
variant.31,33

Rotationplasty as a Limb Salvage Procedure
Rotationplasty has been used in limb salvage surgery for malignant tumors
of the lower limb.34 The procedure allows for wide margins in tumor
resection similar to that accomplished by high transfemoral amputation if
the sciatic nerve can be preserved without compromising tumor-free
margins. The blood supply to the distal part of the limb can be spared by
dissecting the femoral artery free (if tumor-free margins can be attained) or
resecting the vessel together with the tumor and restoring circulation by
anatomizing the proximal femoral artery and vein to the popliteal artery
and vein.6,34,35

Surgical Technique
As with most tumor resection procedures, careful procedural planning is
just as important as the actual surgical execution. Careful staging of the
lesion with detailed MRIs showing the tumor extension, particularly near
the neurovascular structure, is critical in determining which vessels to
preserve or resect. One of this chapter’s authors (JIK) routinely obtains
full-length radiographs of both lower limbs to plan the level of bone
osteotomies in the proximal tibia and femur. The goal of the procedure is
to have the thighs of equal (or very near equal) length at the end of the
procedure.36 The new rotationplasty thigh consists of the hip joint, the
proximal femoral fragment, the tibia minus the proximal epiphysis, and
portions of the metaphysis with the ankle joint. A relatively common
mistake is to make the new thigh too long (not enough resection), which
detracts from both cosmetic appearance and the functional result of the
limb. To prevent these problems, the femur should be transected just
below the lesser trochanter and the attachment of gluteus maximus
muscles, and several centimeters of the proximal tibia also are resected.
In the operating room, the patient is placed on the operating table in the
supine position, and the surgical limb is draped free from the toes to
almost the umbilicus to ensure easy access to the proximal femoral and
external iliac arteries.
Skin incisions are marked on the thigh, planning cylindroid resection
of the skin of the mid and distal thigh (Figure 6). More obliquely oriented

incisions are required distally to account for the relative diameter
mismatch of the distal limb for all rotationplasty amputations. Incisions are
extended vertically, proximally, and distally. Proximally, the extension is
placed anterolaterally, allowing access to both the anterior vessels and
lateral part of the proximal femur. Distally, the extension is medial,
allowing for access to the medial part of the proximal tibia for ease of
reconstruction. Additional skin incisions are made in the cylindroid portion
(which will be resected) to gain easy access to the structure(s) to be
preserved (the sciatic nerve and the femoral popliteal artery and veins).

Figure 5

A, Clinical photograph of postoperative hip spica
cast immobilization. B, Clinical photograph of early healing with
postoperative appearance.

Figure 6 A, Intraoperative photograph of planned incision for
rotationplasty in a patient with a lower limb tumor. B,
Intraoperative photograph of the biopsy track, which is easily
removed with the resected tumor.)

The saphenous vein is frequently dissected and preserved to obtain
additional venous drainage of the limb. All the muscles of the thigh are
transected at the level of the planned proximal femoral osteotomy. The
fascia lata can be transected somewhat further distally so that it can be
used for lateral thigh reconstruction in the future. Distally, the pes

anserinus tendons are transected at the level of the tibial osteotomy, and
the biceps femoris is detached from the fibular head. Care must be taken to
protect and carefully mobilize the peroneal nerve at its entry into the
anterior compartment of the leg. The heads of the gastrocnemius are
transected near their origin on the femoral condyles. Maintaining
appropriate tumor resection margins is critical at this stage and dictates the
proximal extent of transection. Every care must be taken not to violate the
tumor margin and preserve the nerve supply of the gastrocnemius because
it exits the posterior tibial nerve. The patellar tendon is detached distally
without entering the knee joint proper. The sciatic nerve is dissected free
posteriorly along its entire exposed length. The femoral popliteal artery
and vein are dissected free if the tumor margins allow; if not, the vessels
are isolated proximally and distally, and after the femoral and tibial
osteotomies are completed, the vessels are divided to be reanastomosed. A
portion of the thigh and the knee containing the tumor is removed after
final transection of the soft tissue (popliteus muscle and periosteum at the
tibial osteotomy site), while carefully protecting the trifurcation branches
of the popliteal vessels.
The thigh is then reconstructed by bringing the leg portion proximally,
internally rotating it 180°, and internally fixing the proximal femoral
fragment to the proximal tibia (Figure 7). If the vessels were resected,
vascular anastomosis is now performed to reestablish circulation to the
limb. Relatively little is needed in terms of remaining muscle and softtissue reconstruction. The vessels, if preserved, and the sciatic nerve are
gently coiled around the muscles, avoiding sharp kinks. The iliotibial band
is anchored to the tibia to stabilize the lateral side, and the gastrocnemius
heads are attached to the remaining proximal portion of the quadriceps.
Skin flaps are trimmed for easy closure and closed in layers over a drain; a
hip spica-like dressing is applied.37

Figure 7

Preoperative and intraoperative images from a
child with a diagnosis of osteosarcoma. A, Preoperative lateral
radiograph shows distal femoral osteosarcoma. B,
Intraoperative photograph of the distal part of the limb
connected only by the sciatic nerve. The femoral artery and
vein were resected with the tumor part, and the child will have
vascular reanastomosis. C, Intraoperative photograph of the
resected portion of the thigh, including the tumor. D,
Intraoperative photograph of extremity appearance at the
conclusion of the surgical procedure. Normal neurovascular
function of the distal limb is checked before leaving the
operating room.

For lesions arising in the proximal tibia, the procedure has been
modified to allow for resection of most of the tibia, leaving only the distal
metaphysis and the ankle joint (Figure 8). Proximally, the osteotomy is
through the distal femoral metaphysis. The reconstruction is somewhat
more complex because the new ankle/knee is powered by the thigh
musculature. Good balance between the dorsiflexors (knee flexors) and the

plantar flexors (quadriceps) must be achieved38,39 (Figure 9). As a rule,
patients with this reconstruction require a longer period of rehabilitation to
maximize their new knee/ankle function compared with more commonly
performed rotationplasty for distal femoral lesions. However, in the
experience of one of the authors of this chapter (JIK), their eventual
function is superior because the powerful thigh muscles (quadriceps and
hamstrings) power the new knee. Their gait in the prosthesis is
indistinguishable from those who have a transtibial amputation.
Rotationplasty also has been adopted for reconstruction after tumor
resection of lesions of the proximal femur involving the hip joint. In this
situation, nearly the whole femur, including the femoral head and possibly
the acetabulum, is resected together with the thigh soft tissues. The distal
femoral metaphysis is then attached (via arthrodesis) to the pelvis after
being rotated 180°. This allows the original knee to function as a uniplanar
hip joint (flexion/extension), and the ankle again functions as a new knee
joint (Figure 10). The gluteus maximus is reattached to the quadriceps
tendon to provide hip extension, and the iliopsoas, the tensor fascia lata,
and the sartorius are used for the new hip flexion.32,40,41
Most of these procedures are performed for malignant tumors requiring
major resection to maximize a child’s chances for survival. However, other
etiologies, such as early or late failure of other limb-sparing
reconstructions, including infection, tumor recurrence, the failure of
endoprosthetic replacement, or a massive allograft replacement, can be
salvaged with rotationplasty (Figures 11 and 12). Likewise, massive tissue
loss of the proximal part of the limb because of trauma or infection can be
salvaged by rotationplasty if the alternative is a high-level amputation.

Rehabilitation
As would be expected, regardless of etiology, these procedures require a
substantial period of recovery and rehabilitation. Gradual progression from
gentle range-of-motion exercises, gradual strengthening, and, finally, gait
training with the new rotationplasty prosthesis require substantial time and
care from the physiotherapy and prosthetic teams.

Figure 8

Images from a patient with osteosarcoma involving
the proximal half of the tibia and the knee. A, Coronal cut MRI
shows a large osteosarcoma with bone destruction and softtissue extension in the right proximal tibia. B, Intraoperative
photograph of dissection that is isolating the neurovascular
structures to be preserved. C, Intraoperative photograph of
removal of the tumor. A wide margin is obtained throughout. D,
AP radiograph at completion of the rotationplasty. E, Clinical
photograph of the healed limb.

Figure

9

Illustrations of individual tendon-muscle
reattachments in the case of rotationplasty performed for a
tumor in the proximal tibia. A, Lateral view. B, Medial view.

Prosthetic Considerations
Advancements in limb salvage surgery have given the patient with a lower

limb tumor more treatment options. In the past, children with a diagnosis
of malignant tumors of the lower limbs usually faced amputation of the
affected limb. Transfemoral amputation, hip disarticulation, or transpelvic
amputation were the typical outcomes.42
Being a rare congenital deformity, PFFD is characterized by an
incomplete or absent femur. It can be unilateral or bilateral. Fibular
hemimelia is often associated with the condition, occurring in 70% to 80%
of the PFFD population.37 Surgery and prosthetic intervention are
necessary for bipedal ambulation for a child with unilateral PFFD.37
Rotationplasty is an option for children with tumors of the distal or
proximal third of the femur and the proximal tibia42 and congenital PFFD.
Clinically, the patient has a foot rotated 180° and an ankle that functions as
a knee (Figure 1). The advantage of rotationplasty versus a Syme
disarticulation in the child with PFFD—or proximal leg amputations for
children with lower limb tumors—is the elimination of a mechanical
prosthetic knee. Studies have reported more efficient energy-efficient
ambulation after rotationplasty than with a mechanical knee.7,11,12

Figure 10

A, MRI from a child with Ewing sarcoma of the
proximal femur. B, AP radiograph from a patient after
rotationplasty. The patient had a distal femoral epiphysiodesis
as a second procedure after chemotherapy was completed.

Figure 11

A, AP radiograph of a failed endoprosthesis in a
patient with osteosarcoma. B, AP radiograph of the limb after
being salvaged with rotationplasty.

For children who have undergone rotationplasty because of tumor
resection or PFFD, the prostheses are similar, but the design and the fit
may differ. Because the population of patients with a rotationplasty is
relatively small, only a limited number of prosthetists have experience in
fitting rotationplasty prostheses. The collaboration of an experienced
multidisciplinary team is paramount for a positive prosthetic outcome.

Prosthesis Molding
In preparation for molding the prosthesis, a pantaloon-style garment
should be tailored to aid in the molding process and for the patient’s
modesty. With the patient standing, the residual limb is molded in a
vertically extended position, with the foot in maximum hyper plantar
flexion and the hips square to the body. If the patient is unable to stand, he
or she should lie on his or her sound side, with the hips stacked, the limb in
line with the torso, and the foot in maximum plantar flexion. On the
pantaloon-style garment, the sulcus, the medial and lateral malleoli, the
calcaneal tuberosity, the navicular, and the sustentaculum tali should be

referenced. If a cut strip is used to remove the mold, it should be placed in
a posterior position to avoid distorting bony prominences.
For the patient with PFFD, the shape of the thigh should be captured
by wrapping one turn around the waist and then continuing to wrap the
residual limb proximally to distally. Stability and flexibility of the hip are
critical in the patient with Aitken types C and D deficiency.18 The socket
will resemble a ship’s funnel shape,42 having a high lateral wall to contain
the residual tissue. The patient with a lower limb tumor may not require a
thigh section as high as the ischial level. The wrap should be started above
the level of the surgical site. While the molding material is still soft, the
prosthetist places the web of his or her hand on the distal plantar calcaneus
and his or her thumb in the sustentaculum tali.
The standing patient is then asked to bear weight moderately. If the
patient is lying down, the prosthetist should apply pressure with the web of
his or her hand to the distal plantar calcaneus, with his or her thumb in the
sustentaculum tali. With the opposite hand, the sulcus is defined to create a
weight-bearing shelf distal to the calcaneus. The sustentaculum tali groove
will control mediolateral motion of the foot and provide navicular relief in
the socket; the sulcus will aid in suspension. The mold is then removed.

Figure 12

Imaging studies demonstrating failed primary
treatment and reconstruction for sarcoma. A, MRI of a large
tumor recurrence. AP (B) and frog-lateral (C) radiographs of a
modified rotationplasty performed as a salvage procedure.

Model Modification
Modifications to the positive model on the foot section will include the

malleoli, navicular buildup, sulcus relief, sustentaculum tali groove relief,
and extension of the distal toes by 0.50 to 0.75 inch. Reduction of the thigh
section will depend on the amount of residual tissue.

Diagnostic Socket
A clear diagnostic socket is fabricated to determine fit, suspension, and
joint placement. A mold of clear thermoplastic is draped over the modified
mold. A vertical line is marked on the lateral and anterior foot and thigh
sections to reference the relationship of the foot and thigh before removing
the plastic from the model. These sections are fit separately.43 The foot
section is checked for ease of donning, relief of bony prominences, and for
adequate clearance over the malleoli with the ankle flexed and extended.
Patients with PFFD and fibular hemimelia may use a combination of the
subtalar joint for dorsiflexion and the talocrural joint for plantar flexion;
this causes the calcaneus to be in hypereversion in dorsiflexion, thus
affecting the placement of the mechanical knee joint.
The foot should slip easily through the ischial level thigh section. The
residual thigh tissue and surgical site should be contained in the proximal
socket or a thigh lacer. For the patient with PFFD, an intimate fit of the
thigh section and a high lateral wall will control rotatory issues proximally
and distally in the prosthesis.
The lateral malleolus is then marked on the diagnostic socket. Initial
joint placement is at the apex of the lateral malleolus (anatomic medial
malleolus) and slightly distal to the ankle with 5° of external rotation.3 A
squaring jig is used to attach the medial joint to the foot section. The
relationship of the foot socket to the thigh section is determined by using
the vertical reference lines marked on the lateral side. The thigh section is
attached perpendicular to the floor. The anatomic foot may not be
perpendicular to the floor because of a lack of range of motion in plantar
flexion.
With the patient bearing weight in the diagnostic socket, there should
be sufficient clearance distally for the toes.43 If adequate space distally is
not available, ingrown toenails may develop. Appropriate suspension in
the foot socket comes from the posterior dorsal strap, the heel shelf, and
the sulcus depression.44 Aitken types C and D deficiencies may require a
hip joint and a pelvic band to prevent the thigh from sliding out of the
proximal socket.20 Trim lines are established with the patient both sitting
and standing. A second check socket may be necessary to correct the fit of

the socket.
The floor-to-socket height of the prosthesis is determined. The ankle
will not be at the same height as the contralateral knee in the child who is
skeletally immature.42 The patient with Aitken type C or D PFFD may
require the prosthetic side to be higher to compensate for the pelvis
dropping at midstance during the gait cycle because of a dysplastic
acetabulum or absence of the acetabulum and the bulk of the thigh tissue.
A dynamic alignment jig is attached to the socket using transfemoral
bench alignment.

Dynamic Alignment
Extensive physical therapy is critical for an acceptable prosthetic outcome
for the patient with a newly acquired rotationplasty. The best outcome is
achieved by dynamically aligning the prosthesis in a diagnostic socket. To
accommodate socket and alignment changes as the patient progresses,
physical therapy should occur with the patient using an unfinished,
temporary prosthesis. The temporary prosthesis may be used for an
undetermined amount of time, depending on the patient’s status. A patient
with a lower limb tumor who is simultaneously undergoing cancer
treatment, physical therapy, and prosthetic fitting will need more time
before being fit with a definitive prosthesis.
Dynamic alignment is similar to the thigh lacer and joint procedure.1
Relative motion will exist in the socket because of the many axes of the
ankle joint and the relationship of the single axis of the mechanical joint,
but the relative motion should be minimal. Improper proximal or distal
joint placement may cause pistoning in the socket. Joint placement for a
patient with PFFD may not be in the line of progression because of
derotation or subtalar/ankle motion.
During the gait cycle, a loading response may be absent after initial
contact because of a decrease in knee extension in the swing phase.7
Sliding the foot forward will aid knee extension at the loading response.
Medial and lateral deviations can be corrected with foot placement beneath
the socket or repositioning the joint placement in the transverse plane.
During the prosthetic swing phase, vaulting on the sound side may be
caused by insufficient knee flexion resulting from a lack of range of
motion in the new anatomic knee. The cause of insufficient knee flexion
may be a posterior strap that is too proximal, a long prosthesis, or a lack of
proper suspension. At initial contact, the knee joints should be fully

extended, and the patient will be able to feel the stop of the joints.
Weak adductors produce a Trendelenburg gait in the patient with
PFFD. It may be reduced but not eliminated with an intimate fitting socket
and a high lateral wall. Therapy will minimize or eliminate Trendelenburg
gait in the patient with a lower limb tumor.

Components
The selection of pediatric-specific components is limited. The available
space beneath the prosthesis for components will not only limit the
prosthetist’s selection but also affect durability and cosmesis for the
prosthesis. As the child grows, a wider range of components becomes
available. Distal component selection follows the traditional transtibial
protocol. The child and his or her parents can choose between an
endoskeletal prosthesis and an exoskeletal prosthesis.
The ankle has more planes of motion than the knee; therefore, the
rotationplasty prosthesis needs mechanical joints to control medial and
lateral motion of the foot and ankle.44 It is critical that knee joints have
extension stops and can withstand the activity level of the child. Stainless
steel prosthetic joints are durable and preferred for the active child.
Polycentric joints will replicate anatomic knee joint mechanics as the knee
flexes and extends. Unfortunately, these joints are bulkier and not
available in pediatric sizes. Adjustable extension stop joints may be
needed if the child does not have full range of motion at the knee.

Finished Prosthesis
The definitive prosthesis should have a soft lining in the laminated foot
section, which not only provides comfort but also aids in suspension. The
distal and proximal sections are connected with medial and lateral knee
joints. The proximal section of the prosthesis will differ in the patient with
PFFD, in that it will have a laminated shell that extends to the ischial level
to contain the proximal tissue and have a high lateral trim line. It will
resemble a ship’s funnel.
The patient with a lower limb tumor may need only a leather corset,
but it should contain and be above the surgical site. If the contours of the
thigh are unusual, the leather will have to be molded to the plaster model.
A soft thermoplastic thigh section also is an option.

Special Considerations

Rotationplasty prostheses for the pediatric population have unique
requirements and challenges. The patient must be frequently evaluated by
the prosthetist for prosthetic changes, which will include growth
adjustments, socket changes, and maintenance. The prosthetist must
inform the multidisciplinary team of any pertinent changes. Loss of range
of motion, strength, or derotation31 will require reevaluation by other
specialists on the team.
The ankle of the child who is skeletally immature will not be even with
the contralateral side. For an integral part of a rotationplasty procedure, the
surgeon will plan the length of the thigh so that the ankle is at the level of
the contralateral knee when the patient is skeletally mature.42
Cosmesis can be compromised because of limited clearance between
the floor and the socket, resulting in a bulky appearance to the lower
section of the prosthesis. Limited plantar flexion range of motion places
the foot under the anatomic heel, with the anatomic toes facing posteriorly
instead of downward. Donning pants may be difficult, and they may have a
bulky appearance in the sagittal plane.

Summary
Rotationplasty in all its variations allows for biologic reconstruction of the
proximal joint (usually a knee) by a more distal joint (usually an ankle) in
a variety of pathoetiologic situations. Fitting a prosthesis for a child who
has undergone rotationplasty is challenging and requires considerable
time. The availability of pediatric components and space confinements can
limit prosthetic component selection. The patient’s changing health and
rehabilitation status may prolong the time before the fitting of a definitive
prosthesis. A multidisciplinary team is required for positive surgical and
prosthetic outcomes. With the careful selection of patients, attention to
surgical details, and a dedicated rehabilitation and prosthetic team,
excellent functional results with minimal long-term complications can be
expected.
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Chapter 80

Lumbosacral Agenesis
Charles d’Amato, MD, FRCSC Todd DeWees, BS, CPO
Joseph Ivan Krajbich, MD, FRCS(C)

Abstract
Lumbosacral agenesis is a rare congenital disorder resulting in the failure of
formation of one or more vertebral segments and part or all of the sacrum.
There is a wide spectrum of severity ranging from partial absence of the
sacrum, with otherwise normal function, to absence of the lumbar and lower
thoracic vertebrae and sacrum resulting in severe motor impairment and
orthopaedic deformity. There are also frequent visceral abnormalities (such
as imperforate anus, upper and lower urinary tract anomalies, and
incontinence) and neural anomalies (such as tethered spinal cord,
lipomeningocele, and diastematomyelia). When treating a patient with this
condition, it is helpful to be familiar with the literature on the prevalence,
etiology, and orthopaedic management of lumbosacral agenesis. An
illustrative case is presented that describes the surgical and prosthetic
management of a child with severe knee flexion contractures, absence of the
lumbar vertebrae, and spinopelvic instability.

Keywords: lumbrosacral agenesis; severe knee flexion
contracture; spinopelvic instability
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Introduction
Lumbosacral deficiency is a disorder consisting of absence of one or more

vertebral segments and partial or complete absence of the sacrum. Sacral
agenesis and lumbosacral agenesis have been variably called vertebral
agenesis, sacral-coccygeal agenesis, caudal regression syndrome, caudal
dysplasia, caudal dysplasia sequence, and sacral regression.1,2 The
conditions described by these terms represent a rare, complex disorder
with partial or complete absence of the sacrum and partial or complete
absence of the lumbar spine. At one end of the spectrum, the condition
may be mild and discovered as an incidental radiographic finding (Figure
1). At the extreme end of the severity spectrum, the sacrum and lumbar
spine are completely absent, and the corresponding neural elements are
also absent, causing weakness or complete paralysis of motor function,
usually at the level of the last radiographically visible pedicles). In some
instances, several more distal segments will be preserved or there will be
asymmetric motor function. There is usually comparative sparing of
sensation, which is preserved more distally or may even be normal.3
Visceral deficiencies include renal anomalies, such as absent kidney,
horseshoe kidney, and ectopic kidney, and anal-rectal abnormalities such
as imperforate anus. Neurogenic bladder, urinary incontinence, and bowel
incontinence are common and almost universally present in more severely
affected patients. A substantial number of children have associated
neurologic abnormalities such as myelodysplasia, tethered spinal cord,
lipomeningocele, or diastematomyelia. Any of these abnormalities may
affect neurologic function.4 Fortunately, upper limb function and
intelligence are usually normal.5,6
The management of more severely affected children presents
substantial challenges to the treating orthopaedic surgeon, prosthetist, and
rehabilitation team. The orthopaedic management of spinopelvic
instability, hip dysplasia, hip dislocation, knee contractures, and foot
deformities in more severely affected children has been controversial.
Children with partial sacral agenesis may have a normal appearance
and motor function, although urinary incontinence or dribbling may occur.
With total absence of the sacrum, dimpling of the buttocks may be present,
and there is often substantial disproportion between the trunk and the
lower limbs. When multiple lumbar spinal segments are absent, the trunk
frequently has a funnel shape (Figure 2). Orthopaedic abnormalities
include spinosacral instability, upper cervical instability, scoliosis, external
rotation and flexion contractures of the hip, hip dislocation, and knee
contractures. Severe popliteal webbing may occur in more severely

affected patients with a higher-level neurologic abnormality. With weak or
absent quadriceps power, the management of knee flexion contractures is
difficult, and contracture recurrence is quite common. Foot deformities,
such as clubfoot and congenital vertical talus, are frequently present.3,6-8

Figure 1

AP (A) and lateral (B) radiographs of a 10-year-old
girl with partial sacral agenesis and normal motor, sensory,
bladder and bowel function.

Prevalence and Etiology
Sacral agenesis was first reported by Hohl in 1850.9 In 1961, Duhamel10
coined the term caudal regression to describe a spectrum of lumbosacral
deficiencies. The incidence of caudal regression has been reported as 0.1
to 0.25 live births.1 The etiology of this deficiency is likely multifactorial,
but its association with diabetes has been recognized by many
authors.3,6,7,11 In a study of 22 patients with lumbosacral agenesis,
Phillips et al6 reported that mothers of 11 of the patients had diabetes.
Banta and Nichols3 reported insulin-dependent maternal diabetes in 5 of 7
patients with sacral agenesis, Guille et al7 found a maternal history of
diabetes in 6 of 18 patients and Andrish et al11 in 2 of 17 patients. Women
with insulin-dependent diabetes have a 200 to 400 times greater risk of

giving birth to an infant with caudal regression syndrome than mothers
without diabetes.1 Although much work needs to be done to establish a
causative effect, insulin injections are known to cause embryonic
malformations in developing chickens.12 Nonetheless, the large number of
affected patients without a history of maternal diabetes makes the exact
role of diabetes unclear.
A genetic cause of lumbosacral agenesis has been postulated. The
autosomal dominant HLXB9 homeobox gene located on chromosome 7q36
has been identified in Currarino Triad syndrome. This condition involves
sacral agenesis, imperforate anus, perianal fistulas, and a presacral mass or
abcess.13 Postma et al14 recently discovery a mutation in the T (brachyury)
gene, a member of the T-box family of transcription factors, that causes a
syndrome of sacral agenesis, abnormal ossification of vertebral bodies, and
a persistent notochordal canal. In four patients from three consanguineous
families, homozygosity mapping was used to find a common 4.1-Mb
homozygous region on chromosome 6q27 containing the T (brachyury)
homolog. Sequencing of the T gene in affected individuals led to the
discovery of a missense mutation, pH171R. The mutation results in
diminished DNA binding, increased cell growth, and interferes with the
expression of genes involved in ossification and notochord and axial
mesodermal development.

Figure 2

Photograph of a child with lumbar sacral deficiency
shows the typical funnel-shaped trunk, knee flexion
contractures, and popliteal webbing. (Reproduced with
permission from Herring JA: Lower extremity injuries, in Herring
JA: Tachdijian’s Pediatric Orthopaedics, ed 5. Philadelphia, PA,
Elsevier Saunders, 2013, vol 2, pp 1467-1472.)

Classification
In 1978, Renshaw8 recognized four consistent morphologic patterns of
sacral deformity. Type I is partial or total unilateral sacral agenesis. Type
II is partial sacral agenesis with a partial but bilaterally symmetrical defect
and a stable articulation between the ilia. In type III, there is variable
lumbar and total sacral agenesis. The ilia articulate with the sides of the
lowest vertebra present. In type IV, there is variable lumbar and total
sacral agenesis. The caudal end plate of the most distal vertebra rests
above either fused ilia or an iliac amphiarthrosis.

More recently, Guille et al7 proposed a classification that attempts to
predict the potential for ambulation and identifies individuals who might
benefit from treatment of their lower limb deformities. Guille et al7
reviewed 18 patients, 13 with lumbosacral agenesis only (group I) and 5
who also had myelomeningocele (group II). The authors identified three
types of spinal deformity (Figure 3). In the patients with a type A
deformity, the ilia were fused in the midline or there was a slight gap
between the ilia. The caudal spine articulated with the pelvis in the
midline, and vertical alignment with the pelvis was maintained. One or
more lumbar vertebrae were absent. Seven of eight patients in group I with
a type A deformity were capable of community ambulation and, with one
exception, had motor function below L3 or L4. In patients with a type B
deformity, the pelvis was fused in the midline but the spinal articulation
was not centered in the midline with respect to the pelvis and articulated
with one of the ilia. One patient in group I with a type B deformity was a
household ambulator. In patients with a type C deformity, there was
agenesis of the lumbar spine and a gap was radiographically visible
between the thoracic spine and the pelvis, suggesting spinopelvic
instability. All of the ambulatory patients had normal or near normal
sensation. No patient with a type B or C deformity was a community
ambulator. No group II patients with myelomeningocele were ambulatory.

Radiographs demonstrating the Guille et al7
classification of lumbosacral agenesis. This system correlates
spinal deformity with ambulatory function. A, The vertebral
column articulates with the pelvis in the midline in a patient with
a type A deformity. These patients have the best potential for
ambulation. B, In type B deformity, the vertebral column
articulates with one of the ilia shifted away from the midline. C,
In type C deformity, the vertebral column does not articulate

Figure 3

with the pelvis. (Reproduced with permission from Guille JT,
Benevides R, DeAlba CC, Siriram V, Kumar SJ: Lumbosacral
agenesis: A new classification correlating spinal deformity and
ambulatory potential. J Bone Joint Surg Am 2002;84[1]:32-38.)

Guille et al7 recommend surgery for patients with type B and C
deformities only if the lower extremity deformities interfered with sitting,
footwear use, or bracing. None of the patients in in this study had been
treated with spinal stabilization.

Orthopaedic Management
Most patients with an intact lumbar spine and complete or partial
deficiency of the sacrum will be able to achieve independent community
ambulation with minimal orthopaedic interventions because motor and
sensory impairments are not severe.3,6-8 However, in a patient with
myelomeningocele or other untreated intraspinal anomalies, community
ambulation may not be possible.4,6,7
Deformity in the lower extremity is related to the neurologic level,
which often does not correspond to the anatomic level. Phillips et al6
reviewed 22 patients with lumbosacral agenesis, but with no
myelomeningocele or congenital amputations, and focused on the level of
neurologic impairment in those with more severe involvement. The
patient’s anatomic level of lumbosacral agenesis was classified based on
the lowest radiographically visible lumbar pedicles. Detailed physical
examinations were performed to record motor and sensory levels.
Orthopaedic problems related to the level of spinal agenesis and neural
levels included hip dislocation, hip flexion contractures, knee flexion
contractures, and spinopelvic instability. However, foot abnormalities and
scoliosis were not related to the functional neurologic level. The 12
patients with spinal agenesis at the T11, T12, or L1 levels (called the firstlumbar group), all had similar findings. This group exhibited the
frequently described Buddha-like sitting posture, with abducted flexed
hips and flexed knees. For patients in the first-lumbar group, treatment of
substantial foot deformity was not needed. Ten of these 12 patients had
such severe contractures and popliteal webbing that bilateral lower limb
knee disarticulation was performed in 9 of the patients and subtrochanteric
amputation in 1 patient. None of the patients with these neurologic levels

had hip dislocations, although severe hip flexion contractures were often
present.
In patients with lumbar agenesis at the second and third lumbar
neurologic levels, hip dislocation occurs in most patients. In the foot,
equinus, varus, equinovarus, and calcaneovarus deformities are seen.
These patients may require manipulation, casting, or surgery to treat their
foot deformities; however, these deformities seldom interfere with
ambulation. Knee flexion deformities can be managed with simple bracing
or surgery, and these patients do not require limb ablation.
In the study by Phillips et al,6 scoliosis was identified in 11 of 21
patients for whom there were adequate spinal radiographs. Two of these
patients had deformity associated with hemivertebrae. One patient had a
72° curve and back pain, and one had a gibbus deformity; these patients
were surgically treated. The other patients with scoliosis had mild
curvatures of less than 25°. In their study, Guille et al7 reported
atlantoaxial instability from odontoid hypoplasia and congenital fusions of
the upper cervical spine.
The major orthopaedic controversies in the management of patients
with lumbosacral agenesis are knee flexion contracture, spinopelvic
instability, and, to a lesser extent, hip dislocation. The severity of knee
flexion contracture is related to weakness of the quadriceps. In patients
with neurologic involvement at the T11, T12, or L1 levels, attempts at
reconstruction because of severe contractures associated with popliteal
webbing are likely to fail and often result in multiple futile correction
attempts and repeated surgeries and hospitalizations. For these patients,
bilateral knee disarticulation facilitates sitting. Because the distal femoral
growth plate remains intact, normal femoral length occurs. This greatly
facilitates prosthetic fitting. If spinopelvic stabilization is being
considered, the tibiae can be used as structural bone graft.15,16
Subtrochanteric osteotomy, which in the past was done to address this
problem, is now of historical interest only.8,17 This procedure sacrifices
the distal femoral growth physis in the child, which leads to an extremely
short femur, a disfigured body habitus, and requires a more complex and
less efficient hip disarticulation prosthesis. It is worthwhile to preserve the
lower limbs in patients with intact quadriceps function. When sensation
and proprioception are preserved, successful ambulation is more likely.3,11
Surgery to treat bilateral hip dislocation may be worthwhile, but it can
result in stiff, painful hips if complications such as osteonecrosis occur. In

the past, aggressive management of hip dislocations had been
recommended in the literature, with the aim of avoiding skin breakdown,
pain, gait deterioration, and increased pelvic obliquity.8 However, in the
study by Phillips et al,6 six patients with bilateral hip dislocation who were
not treated were capable of community ambulation.
There are differing opinions on the need to surgically stabilize
spinopelvic instability. Patients with complete absence of the sacrum sit on
the posterior ilia, which are typically joined at the midline. The associated
absence of several lumbar segments results in severe trunk flexion, with
unphysiologic compression of the abdominal viscera and crowding of the
diaphragm. This can potentially impair respiratory function. Spinopelvic
instability also can lead to seating discomfort and positioning difficulties.
However, some patients depend on the mobility between the spine and the
pelvis to facilitate sitting and movement. This is particularly true when the
hips are stiff and contracted. Thus, spinopelvic stabilization should be
recommended only after careful functional assessment of the adaptive
needs of the individual patient.18
Perry et al19 reported on four patients treated with Harrington rod
fixation and grafting to fuse the vertebrae to the pelvis. Success was
reported in enabling sitting without dependency on upper extremity
support, along with relief of unphysiologic compression of the abdominal
viscera. Winter15 published a case report of spinopelvic stabilization in a
girl aged 5 years and 11 months with absent vertebrae below T10 and
complete absence of the sacrum. The child’s lower limbs were drawn up
and fixed under her buttocks, with severe flexion contractures of the hip
and knees. There was no motor function in the lower limbs, but protective
sensation was present. At the time of the spinopelvic stabilization surgery,
bilateral knee disarticulation was performed. The patient was placed into
halo femoral traction on the operating table to achieve trunk lengthening,
and both tibiae were used as structural bone grafts along with Harrington
compression instrumentation. Postoperatively, the patient was placed in a
halo pantaloon spica cast for 5 months and then into a plastic orthosis for
an additional 16 months to achieve solid fusion. To maintain spine and
trunk lengthening during growth, lengthening was performed again twice
—at age 10 years and 6 months and at age 12 years and 6 months. The
lengthening and reinstrumentation was done because of crowding of the
internal organs. After osteotomy and distraction through the fusion mass, a
more robust modern segmental fixation was used; this eliminated the need

for a brace or cast immobilization.
Dynamic compression plates, polysegmental fixation with CotrelDubousset instrumentation, and modern transpedicular fixation are
currently used for spinal fusion.20 However, in patients without a sacrum,
fixation with sacral screws, Dunn-McCarthy hooks, and Fackler
transforaminal or Jackson intrasacral rods is not possible. In those patients,
the ilia can be instrumented with Galveston or iliac screw fixation. Yazici
et al16 recently described their technique of using screws and rods
anchored in the ilia, along with anterior tibial autograft and bone
morphogenetic protein to achieve a solid connection between the trunk and
the pelvis, with preservation of the limbs.

Orthotic and Prosthetic Treatment
Patient Evaluation
The orthotic and prosthetic treatment of sacral agenesis presents unique
challenges and requires a comprehensive patient evaluation. Knowledge of
the lowest intact vertebra alone is insufficient to fully understand a
patient’s motor, sensory, and proprioceptive limitations. This point is well
illustrated by an example from a 2002 study by Guille et al.7 In one of the
patients in this study, the lowest vertebra was at the T12 level, and motor
and sensory function was at the L5 level. This patient achieved community
ambulation with the use of orthotic devices. In contrast, in another patient,
the lowest vertebra was at the L1 level; however, this patient had no
neurologic function in the lower limbs. Neither of these presentations
would be expected based solely on knowledge of the lowest complete
vertebral level. It is imperative to perform a thorough physical evaluation
to assess range of motion, muscle strength, proprioception, and protective
sensation before a treatment plan can be formulated. The stability of the
spine in the region of the defect as well as the status of hip contractures
also should be determined because these factors have a substantial effect
on mobility potential.

Orthotic Management
Generally, the orthotic treatment of patients with sacral agenesis is similar
to the orthotic treatment of any patient with loss of nervous innervation in
the lower extremity, such as those with myelomeningocele or spinal cord
injury; however, a patient with sacral agenesis is likely to retain greater

protective sensation and proprioception. The retention of protective
sensation reduces the risk of unnoticed skin breakdown from an
improperly fitting brace.

Figure 4

Photograph showing (left to right) a knee-ankle-foot
orthosis, a ground-reaction ankle-foot orthosis, and an
articulated ankle-foot orthosis.

Orthotic intervention for patients with sacral agenesis can be broadly
classified as functional or positional. Functional orthoses are used to aid in
mobility and can include ankle-foot orthoses, ground-reaction ankle-foot
orthoses, and knee-ankle-foot orthoses (Figure 4). Some patients can
ambulate over short distances using an orthosis but will choose a
wheelchair for longer distances to conserve energy. Positional orthoses,
which are typically knee-ankle-foot or ankle-foot orthoses, are used at
night and are important for maintaining range of motion to allow
continued ambulation or for comfort in sitting. The loss of range of motion
leads to the loss of functional ambulation, decreases the ability to sit
comfortably, and causes difficulty with hygiene. The orthotic device is
used to maximize the functional independence of an individual, whether
this means independent ambulation or wheelchair mobility. With proper
orthopaedic and orthotic management, most patients can achieve a

satisfactory functional status.11 This highlights the need for an integrated
team approach in the treatment of these highly complex patients.

Prosthetic Management
Nearly all patients with lumbosacral agenesis who undergo amputation
have neurologic levels at T11, T12, or L1. Hip flexion contractures and
severe knee flexion contractures associated with popliteal webbing can
interfere with sitting and accomplishing the activities of daily living and
should be treated with knee disarticulation and prosthetic fitting. In the
past, amputation at the subtrochanteric level was primarily done to
facilitate sitting balance. Although these patients technically had
transfemoral amputations, the prosthetic fitting was performed as if they
had a bilateral hip disarticulation because of the short femoral segments
resulting from sacrifice of the distal femoral physis. Prosthetic
management of patients with sacral agenesis who are treated with knee
disarticulation is far more successful than subtrochanteric or transfemoral
amputation because the longer resulting residual limb segment is easier to
fit into a prosthesis and much more energy efficient. It should be noted that
the prosthetic fitting can be complicated by limitations in hip range of
motion.

Treatment Example
Although the treatment of patients with lumbosacral agenesis varies
depending on the status of the individual patient, the following case
example illustrates some of the problems, challenges, and potential
treatments involved in caring for a patient with lumbosacral agenesis,
spinal instability, and severe contractures of the knees and hips.
A male infant with myelomeningocele and Renshaw type IV sacral
agenesis was first seen for orthopaedic treatment at the age of 9 months.
Over the next 6 years, he was treated with serial casting, orthotic
management, and physical therapy in an attempt to manage severe knee
contractures. During this time, he also was treated with multiple medical
and surgical procedures, including cephalad and peritoneal shunt revisions,
bowel resection, cecostomy, bilateral hernia repair, and treatment for
pathologic fractures of the femurs and tibiae. His mother reported that the
contractures of the child’s knees and feet prevented him from being placed
in a car seat or in a sitting position on the school bus.

On physical examination, the child was able to ambulate on his hands
while sliding his lower body along the floor. Substantial hyperextension of
the elbows was present, and he had large callouses on the palmar aspects
of both hands. He could ambulate with a walker, bearing all of his weight
on his hands and using a swing-through gait. His trunk was short, and
there was marked spinopelvic instability. The right hip had no voluntary
motion, and the left hip had a range of motion between 35° and 75° of
flexion. Both hips were abducted 20° and externally rotated to 90°. Fixed
knee flexion contractures, severe popliteal webbing, and fixed cavovarus
deformities of both feet were present. Light touch sensation was preserved
to the level of the knee. The child’s spine collapsed when sitting because
of the unstable connection of the spine and pelvis (Figures 5 and 6).
At the age of 7 years, after extensive discussion of the proposed
treatment with the patient’s family, the child underwent bilateral knee
disarticulation with fusion of the spine from T12 to the ilium; the
harvested tibia was used as a structural bone graft (Figure 7). A knee
disarticulation prosthesis with a reciprocating gait system was fitted. The
primary goal of the device was to provide standing stability, with the
possibility of reciprocating gait. A substantial challenge with this approach
was the limited range of motion of the hips as well as the fact that this
patient had never taken steps and had previously only stood in a standing
frame for limited periods of time. The device was fabricated with two-part
sockets to allow the patient independent donning in the seated position
(Figure 8). Manual locking knees were used for stability during stance. A
posterior thoracic shell for trunk support incorporated a hooped-style cable
reciprocating gait system. After the device was fabricated, the patient was
allowed to stand and take his first steps with the use of a walker. The
walker proved to be an impediment to the patient, who preferred to use
forearm crutches (Figure 9). The attempts at ambulation were performed
in a motion analysis laboratory so that a video of the patient’s gait could be
used to assist in optimizing balance and function. Within 30 minutes of
transitioning to crutches as an assistive device, the patient was able to
ambulate safely without the need for close supervision. The patient
preferred a reciprocating gait.
One obstacle to the patient’s functional independence was getting in
and out of his wheelchair while wearing the device. His excellent upper
body strength allowed him to achieve this goal with relative ease, but his
limited hip flexion tended to push him out of the wheelchair. This problem

was resolved by tilting the seat and back of the wheelchair into a slightly
more recumbent position. Within weeks of obtaining the device, he was
using it as his primary means of mobility within his home and classroom
environments, although he continued to use his wheelchair for traveling
greater distances.

Summary
Independent function after skeletal maturity is the overarching treatment
goal for patients with lumbosacral agenesis. Certain clinical features have
an influence on patient outcomes. When motor function is preserved,
especially with good quadriceps function, the management of knee flexion
contractures is likely to be successful, and independent ambulation can
often be achieved. With compromised quadriceps power, the management
of contractures is more difficult. Without useful quadriceps function, the
ability to achieve community ambulation is very unlikely. When knee
contractures cannot be managed, knee disarticulation and prosthetic fitting
are the best options, even if community ambulation is improbable after
skeletal maturity. This treatment greatly facilitates sitting and
accomplishing the activities of daily living. When knee contractures are
not present or can be successfully treated, foot deformities can be managed
with casting and surgery. Hip dislocation, especially bilateral hip
dislocation, can remain untreated if contractures can be accommodated
with prosthetic fitting. Spinopelvic stabilization with spinal
instrumentation and structural grafts can be performed in selected patients.

Figure 5

Clinical and radiographic images of a child with
lumbosacral agenesis. Posterior (A) and lateral (B)
photographs show collapse of the trunk onto the pelvis and
thighs when sitting. C, Radiograph showing the L2 vertebra
perched above the pelvis, with complete absence of the
sacrum. D, Lateral radiograph showing the second lumbar
vertebra posterior to the pelvis with an unstable articulation. AP
(E) and lateral (F) radiographs show collapse of the trunk onto
the pelvis. The patient is sitting on the posterior aspect of the
pelvis.

Figure 6

Intraoperative photograph of the patient in Figure 5
showing the unstable spinopelvic articulation (arrow).

Figure 7

PA (A) and lateral (B) radiographs of the patient in
Figure 5 after spinopelvic reconstruction using the patient’s
tibiae for structural bone graft.

Figure 8

Photograph of a knee disarticulation prosthesis
with an incorporate reciprocating gait orthosis.

Figure 9

Photograph of the patient in Figure 5 using a knee
disarticulation prosthesis and forearm crutches for ambulation.
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Chapter 81

Partial Foot Deficiencies in
Children
Robin C. Crandall, MD

Abstract
Childhood partial foot amputations are commonly seen and occur from a
variety of etiologies. Treatment plans for congenital as well as acquired
partial foot amputations may be both surgical and nonsurgical. To achieve
the best possible patient outcomes, it is helpful to be aware of treatment
options, possible complications, and prosthetic choices.
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deficiencies; pediatric partial foot amputation
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Introduction
There has been a steady increase in the percentage of partial foot
amputations seen in pediatric limb deficiency clinics. With improved limb
salvage techniques, including wound vacuum-assisted closure, free flap
techniques, and improved infection control, a higher percentage of trauma
patients have successful partial foot amputations. Similarly, improved foot
reconstruction techniques have yielded durable long-term partial foot
survival in patients with congenital and neoplastic foot deficiencies.1-5
This chapter focuses on pediatric patients with congenital or acquired
partial foot deficiencies and reviews etiology, nonsurgical and surgical
treatment, and prosthetic management.

Etiology

The etiologies of partial foot deficiencies in children are broad reaching.
Based on data gathered at multiple limb deficiency centers, approximately
60% of amputations in children are caused by congenital factors and 40%
result from other causes.6 The exact incidence of childhood partial foot
loss in the United States from trauma or congenital causes is unknown.

Acquired Partial Foot Loss
Acquired partial foot loss can result from trauma and amputation related to
reconstructive procedures for syndromes associated with limb deficiencies,
infection, and congenital or in utero causes. Acquired partial foot
amputations can result from vascular and ischemic causes secondary to
cardiac or major vessel catheterization in young children or umbilical
vessel catheterization in newborns.7 Iatrogenic injury to blood vessels
during foot reconstructive procedures in children can result in partial foot
amputation. Traumatic foot amputations are usually caused by injuries
from lawn mowers, farm equipment or animals, machinery, motor vehicle
crashes, train-related trauma (such as falling from a moving train or injury
during boarding), and thermal damage (burn or frostbite). Another class of
partial foot deficiency includes loss related to reconstructive procedures
for focal gigantism syndromes such as neurofibromatosis, Proteus
syndrome, vascular arteriovenous malformation syndrome, KlippelTrénaunay-Weber syndrome, and macrodystrophia lipomatosa. Infectionrelated causes of limb loss include purpura fulminans and insensate foot
with chronic ulceration or osteomyelitis, which often occur in individuals
with diabetes, spinal cord injury, or myelomeningocele. Congenital or in
utero causes of partial foot deficiency include transverse deficiencies (mid
to proximal tarsal loss), longitudinal (medial or lateral) deficiencies, splithand/split-foot syndrome, and fetal alcohol syndrome.

General Principles of Treatment
Greene and Cary8 reported that functional results of partial foot
amputation are better than amputation at a higher level if a sensate
plantigrade foot can be achieved. The authors showed that a Chopart
amputation with equinus contracture is functionally inferior to an ankle
disarticulation (Syme) procedure. The goal of surgery should be pain-free
ambulation and the ability to wear durable, realistic footwear. A composite

tissue free flap is an excellent method for covering massive foot wounds,
but it is useless if the foot is in a fixed equinus position and the patient is
unable to walk. Delicate, nondurable split-thickness skin grafts over
weight-bearing areas can allow wound closure, but a lack of durability is
an important issue that may require revision to a higher level. Without the
expertise of a prosthetist capable of fitting complex partial foot prostheses,
amputation at these levels can often result in prosthetic failure.
The perceived benefit of partial foot amputation can be lost if the
patient requires a prosthesis that rigidly immobilizes the ankle.9 Careful
consideration must be used when planning how the remnant foot can be
used functionally to prevent breakdown caused by pressure or shear
stresses. Because children are usually very active, reinjury is a possibility.
A team approach to care by surgeons and prosthetists is often required.

Figure 1

Photograph of the feet of a patient treated with a
partial right foot amputation. Durable plantar skin is folded
dorsally. Ray amputation was necessary in this patient to allow
a smooth foot contour and easy fitting of a prosthetic shoe.

Traumatic Injuries
Lawn Mower Injuries
Many partial foot amputations result from injuries caused by a lawn
mower. In a multicenter review of 144 children with traumatic injuries
caused by a lawn mower, Loder et al10 reported that the toes were the most
often injured part of the foot (63%), with most of the injured children

being bystanders or passengers on riding mowers. The injury resulted in an
amputation present on admission in 59 children, with an additional 8
children requiring an amputation before hospital discharge. Of the 67
amputations, 51 were partial foot amputations (40 at the toe level, 5 at the
transmetatarsal level, and 6 at the Chopart level). Children injured by
riding mowers were generally younger than those injured by push mowers
(mean, 5.4 versus 11.0 years, respectively). Adult operators of riding or
push mowers often use hearing and eye protection and are unaware of the
presence and impending danger to a nearby child. Loder et al10 reported
that 85% of foot injuries in children could be prevented if children younger
than 14 years were not permitted to operate a push or riding lawn mower
or be present in the immediate mowing area. The Amputee Coalition of
America has compiled a checklist of precautions to prevent lawn mower
trauma.11

Figure 2

A, Photograph of the foot of a child with an injury
caused by a lawn mower that necessitated a partial amputation
of the right foot, with latissimus dorsi free flap coverage. B,
Photograph showing the increase in the bulk of the latissimus
dorsi free flap, which occurs with the child’s growth and weight
gain. Further revision surgery was needed.

Complications and unsatisfactory results are common after a lawn
mower injury. Nearly 10% of the patients in the Loder et al10 study had
residual infection or osteomyelitis, and a 50% complication rate was
reported. Infection from lawn mower trauma commonly involves multiple
organisms, including bacteria, fungi, and mycobacteria.12 Daley and
McIntyre13 reported that infecting organisms such as Stenotrophomonas
maltophilia are common in lawn mower injuries, making it difficult to use
empiric antibiotic therapies. Repeated surgical débridement is usually
needed. Skin breakdown and amputation at a higher level occur at high
rates.14,15

The surgical team should evaluate the injured foot to determine the
options for skin coverage and plan the final shape and functionality of the
residual limb. Durable plantar skin should be saved whenever feasible
(Figure 1). Physeal damage should be objectively assessed. Dormans et
al16 proposed a simple classification system of lower limb lawn mower
injuries. Type I is a shredding-type injury, and type II is a paucilaceration.
All of the shredding-type injuries required amputation because of the
difficultly of limb salvage. In the group with a paucilaceration injury,
excellent results were achieved with more minimalistic procedures. In all
groups, 4.9 procedures per patient were required.
Microvascular free flap reconstruction and composite tissue grafting
has been successfully used in the distal lower limbs; however, these
procedures have a complication rate of at least 62%.1 Children treated with
reconstruction involving free flaps within 2 days of injury had lower
complication rates.1 Partial foot amputation with free flap reconstruction
in pediatric patients is problematic because children have small blood
vessels. It is important to recognize that donor-site composite grafts may
increase in bulk as the child ages, creating a residual limb that cannot be
placed in a shoe (Figure 2).
Negative-pressure wound therapy has been shown to be valuable in
treating large, soft-tissue injuries to the foot and ankle.2,3 Shilt et al3
specifically showed its effectiveness in lawn mower injuries in children.
However, shredding-type foot and ankle injuries should be treated with a
high degree of caution. Families should be advised of the high
complication rates and the possibility that revision at a higher amputation
level may be needed.
Attempting to salvage a foot that will not allow plantigrade ambulation
is a substantial problem in reconstruction of traumatic partial foot injuries.
If the foot is in severe equinus, painful, and unusable after a successful
composite free flap procedure, amputation at a higher level may be
needed. This scenario is particularly common with traumatic lawn mower
injuries. With loss of dorsiflexors, the need to immobilize the residual limb
in a weight-bearing position is important. This becomes increasingly
difficult in more-proximal foot amputations, such as those at the Lisfranc
(tarsometatarsal) or Chopart (midtarsal) levels. If functional ankle
dorsiflexion cannot be achieved, a Boyd amputation or Syme ankle
disarticulation may be preferable at the initial surgery as opposed to later
when additional subjective issues may play a role. A limb that heals in

equinus can be one of the most difficult limbs to fit with a prosthesis
(Figure 3).

Figure 3

Photographs of the foot of a child who has
undergone a partial foot amputation at the Chopart level. A,
Equinus contracture developed in the postoperative interval. B,
Because equinus contracture makes it difficult to obtain a good
prosthetic fit, the perceived benefit of a Chopart-level partial
foot amputation may be inferior to the functionality that could be
obtained with amputation at a higher level.

A massive, shredding traumatic injury to the hindfoot can be a
particularly difficult injury to treat when caused by a lawn mower or other
machinery (Figure 4). Extensive hindfoot and intercalary loss can be
managed successfully with a calcanectomy and a subsequent ankle-foot
orthosis with a spacer block to substitute for heel loss.17 Failure of a
calcanectomy with an intact forefoot may require a Syme disarticulation
with an anterior flap.

Farm-Related Injuries
Partial foot amputation in children frequently results from injuries
sustained on a farm. In a series of farm-related injuries analyzed by
Cogbill et al,18 46% of the injuries were related to machinery and tractors,
with the remaining injuries caused by animals or falls. In a study by
McClure and Shaughnessy19 of farm injuries in children requiring
amputation, all the injuries were open type IIIC Gustilo fractures and had
polymicrobial contamination. In a 3-year study of farm injuries in 292
children, Lubicky and Feinberg20 noted that most of the injuries occurred

in the lower limbs and that the average age of the injured children was
11.9 years. Although the authors did not specify how many of the children
required a partial foot amputation, they noted that 41 of 127 open fractures
(32%) occurred in the tarsal or metatarsal toe areas.
The general principles of treating foot injury from farm-related causes
are similar to those used in managing lawn mower trauma. The wounds are
often infected with multiple contaminants, and multiple procedures are
needed to achieve a successful residual limb. It is important to achieve
durable skin coverage. For farming families with limited financial
resources, those who live in ethnic communities, and those with limited
access to tertiary care centers, the ability to wear normal footwear is of
utmost importance.21

Figure 4

Photograph of the lower limb of an adolescent with
massive shredding hindfoot trauma. This type of injury can
occasionally be managed with calcanectomy and intercalary
bone excision, but multiple débridements and a high
complication rate should be expected.

Motor Vehicle and Train-Related Injuries
In a study by Loder22 of 256 traumatic amputations in children, the third
and fourth most common injuries involved motor vehicle and train-related
trauma. Train-related injuries often occur in the process of boarding or
jumping from a moving train. Although Loder22 did not specify the
incidence of partial foot amputations from train-related trauma, 10 of 24
train-related injuries in his study occurred in the lower limbs. Because
wounds from train-related injuries tend to be sharper and cleaner than

injuries from lawn mower and farm-related trauma, fewer débridements
may be needed and wound closure may be easier.
Jawadi23 recently reported on 21 cases of partial foot amputation in
young children related to all-terrain vehicle injuries. These children often
had bare or sandaled feet, which offered little protection from injury.
Loder22 reported substantial seasonal variation in pediatric amputations
caused by motor vehicle injuries, with more amputations occurring in June
and July and many involving young drivers. Specific data and follow-up
regarding partial foot amputations from motor vehicle trauma in children
are unknown, but skin breakdown and traumatic partial foot amputation
have been reported in the adult population after motor vehicle
injuries.14,15

Thermal Injuries
Frostbite injuries can result in partial foot amputation in children because
they are particularly vulnerable to these injuries, along with elderly people,
individuals with alcoholism, and drug users. Very young children often
cannot or do not communicate that they are very cold, do not recognize the
symptoms of impending frostbite, and may stay outside for long periods
with improper footwear for protection from the cold.
In a review by Miller and Chasmar24 of 101 patients admitted to
hospitals with frostbite injuries in Canada, it was found that rapid
rewarming and adequate delay before conservative débridement or surgical
amputation were important treatment principles. The authors reported on
the need to allow demarcation to occur to clearly show the location of the
full-thickness injury. Other studies have indicated that after 5 days,
scintigraphy and MRI may be useful in determining viable tissue.25,26
Golant et al27 recommended rewarming of the affected limb at 104° to
107.6° for 15 to 30 minutes and avoidance of rewarming until definitive
medical care is involved.
Sharp demarcation between viable and nonviable tissue may indicate
that a partial foot amputation is necessary. Imray et al28 believed that the
unwillingness to delay surgery was a major cause of avoidable morbidity.
The authors suggested that no surgical intervention should occur without a
waiting period of 6 to 12 weeks after injury.
It is important to carefully follow the pediatric patient for possible
evidence of physeal damage that can occur with thermal injury. Frostbite
injuries in the foot can look similar to injuries from purpura fulminans.

The physician should wait at least several weeks before débridement and
amputation. The management of acute frostbite injury to prevent possible
amputation includes thrombolytic agents, hyperbaric oxygen, and
prostacyclin.29-32 Databases are needed to extract the exact incidence of
partial foot amputations caused by frostbite injuries in children.33
Burns from either electrical or thermal sources also can result in severe
tissue damage necessitating partial foot amputation. A partial foot
amputation was reported in a patient with neurologic loss caused by a
third-degree burn from a laptop computer.34

Nontraumatic Partial Foot Amputation
Focal Gigantism Syndromes
Focal gigantism syndromes involving portions of the foot and the toes can
necessitate partial foot amputation. In children, these syndromes include
vascular arteriovenous malformation syndrome, neurofibromatosis,
Proteus
syndrome,
Klippel-Trénaunay-Weber
syndrome,
and
macrodystrophia lipomatosa. It is important that all abnormal tissue be
removed in a soft-tissue or bony reduction to prevent the growth of
residual abnormal tissue as the child grows. Central ray partial foot
amputation is often needed in patients with these syndromes (Figure 5).
Khan et al35 reported on four cases of macrodystrophia lipomatosa, which
is characterized by enlargement of the second or third digits of the hands
or feet. MRI is useful in the diagnosis of this syndrome because it shows
adipose tissue in subcutaneous areas without encapsulation. A diagnosis of
macrodystrophia lipomatosa can be difficult to make because the
symptoms are similar to those of Proteus syndrome.36-38 The visual
manifestations of any of the focal gigantism syndromes can be nearly
identical.

Figure 5

Standing radiograph of the foot of a patient with
classic macrodystrophia lipomatosa. The second and third toes
are enlarged and the remainder of foot is normal. A distal toe
amputation with physeal ablation of metatarsal heads 2 and 3
can allow successful shoe wear. Central ray partial foot
amputation may become necessary.

Treatments of focal gigantism syndromes involving the foot are similar
to each other. Often, inequalities occur that require physeal manipulation
at a later time as the child ages. Physeal growth arrest of metatarsals and
even phalanges are sometimes used together with distal phalangeal
amputation to maintain a reasonable foot size. The child will need a shoe
of similar size to the contralateral unaffected side. Tissue debulking with
segmental ray resection or partial foot amputation is frequently required.
In children with Proteus syndrome, tissues that initially appear relatively

normal may enlarge, and amputation at a higher level may be required. In
focal gigantism syndromes, it is important to carefully evaluate the child’s
limb length to allow planning for physeal manipulation as needed.

Infection
Purpura fulminans represents an important cause of partial foot amputation
in children. Many children with this infection have quadrimembral
involvement. Purpura fulminans generally occurs in children younger than
5 years after an acute bacterial or a viral infection; the rate of amputation is
60%.39 Risk factors for purpura fulminans include age younger than 5
years and the presence of factor V G1691A mutation. Gürgey et al39
suggest that all patients with purpura fulminans be screened for this
mutation and receive anticoagulation therapy to prevent further necrosis.
Purpura fulminans has been associated with Meningococcus,
Streptococcus, Pneumococcus, Staphylococcus aureus, and varicella and
rubella viral diseases. The thrombosis that occurs in purpura fulminans is
widespread and microvascular. Large amounts of tissue necrosis and loss
are common.
The orthopaedic surgeon is often consulted when the child has severely
swollen limbs. This clinical appearance can suggest that a transtibial
amputation may be needed; however, at this stage of the disease the
problem is not the infection but the associated underlying tissue necrosis
and substantial swelling. Viable tissue is often present despite the swelling
and edema. Waiting for demarcation to occur is critically important. A
child who appears to need a transtibial amputation may eventually require
only a partial foot amputation (Figure 6). Amputation at a higher level
may be needed, but it should be performed only after a minimum of 4 to 6
weeks of observation. The skin and subcutaneous tissues of residual limbs
after purpura fulminans are generally thin, somewhat dystrophic, and often
have multiple split-thickness skin grafts. Consultation with an experienced
prosthetist is important for achieving the best functional outcome for the
child.
Partial foot amputation in a child can occur because of infections
involving failed foot reconstruction; insensate feet, as seen in spinal cord
injury; and myelomeningocele. Deep heel ulcers in patients with spinal
cord injury and myelomeningocele may require hindfoot amputation and
calcanectomy.2 In a study of 36 ambulatory patients with sacral-level
myelomeningocele, 11 of the patients required a total of 14 amputation

procedures.40 Nine of these procedures were partial foot amputations. In
this particular population, ambulation on insensate feet can be a significant
problem. Although this study involved adult patients, the treatment
principles also apply to pediatric patients who are active community
ambulators.

Figure 6

A, Photograph of the distal lower limb of a child
with purpura fulminans. In the early stages of the disease, it
may appear that a transtibial amputation is necessary. B,
Photograph of the limb at a later age. By waiting for full
demarcation before choosing the definitive amputation level,
the child was treated with a partial foot amputation and had
only minimal functional loss.

Neoplasms
Neoplasms involving the soft tissue or bone of the foot are rare. The most
common neoplasm is rhabdomyosarcoma, which occurs more often in
boys than girls. In younger children, rhabdomyosarcoma more commonly
occurs in the head, the neck, and the pelvis. In adolescents, tumors are

most commonly seen in the limbs. Synovial sarcoma can occur in
teenagers, with lower-grade lesions generally found around the hands and
feet. Chou et al41 reported that in 2,660 surgically treated musculoskeletal
tumors in children and adults, only 5.7% involved the foot or ankle.
Local radiation therapy with surgical resection of the lesion to retain
function of the foot has been recommended rather than primary amputation
at a higher level.4 Local radiation, however, is controversial because of
complications and adverse side effects seen at long-term follow-ups. Its
use in children’s feet largely has been abandoned in favor of wider surgical
excision. It is important to note that surgical resection with adequate
margins in the foot can be difficult to obtain without underlying ray or
combined ray amputation.
Children with a neoplastic foot lesion should have a thorough
evaluation at a tertiary oncology care center and should be referred to an
oncology center for treatment. A diagnosis of rhabdomyosarcoma is made
in approximately 250 pediatric patients each year, with 65% of the tumors
occurring in children younger than 6 years.42
Many types of malignant osseous tumors have been reported in the
foot. Treatment of pediatric and adolescent bone tumors in the foot has
greatly evolved. Long-term survivability has increased, with amputation
and limb salvage having similar long-term outcomes.5 Partial foot salvage
in these individuals may fail, however, if a plantigrade, sensate residual
foot cannot be achieved.

Congenital Causes of Partial Foot Deficiencies
Transverse Deficiencies of the Foot
Transverse deficiencies of the foot not associated with constriction band
syndrome are decidedly more rare than transverse defects in the upper
limb. The most common transverse deficiency occurs in the forearm. The
International Organization for Standardization describes limb deficiencies
by stating the missing elements. For example, a transverse deficiency of
the foot is described as phalanges all, metatarsals 1 through 5 incomplete.
Because this method is somewhat cumbersome, this deficiency also may
be described as a transverse partial foot deficiency. Deficiency can occur
at the phalangeal, tarsal, or metatarsal level.
The skin covering the partial foot in children tends to be robust, and
prosthetic intervention often is not needed. Limb length inequality should

be evaluated. Children with transverse deficiencies may have dysplasia of
the entire lower limb; failure to address the difference in limb length can
result in an awkward and cosmetically displeasing partial foot prosthesis
(Figure 7).

Figure 7

Careful observation of limb-length discrepancy is
important in children to prevent the necessity for a cosmetically
displeasing prosthesis. Lateral (A) and AP (B) views of a foot
prosthesis for a patient with a limb-length discrepancy.

In a small study, Jain and Lakhtakia43 found that hindfoot transverse
defects were less common than forefoot transverse defects. Transverse
deficiencies are sporadic in nature and not generally associated with other
visceral defects. Transverse deficiencies of the foot can occur if the apical
ectodermal ridge is removed during embryogenesis.44 This ridge is one of
the three signaling centers that affect limb development. These limb
defects are thought to be caused by mechanical and vascular factors, with
no specific heritability patterning. Partial foot deficiency can be seen with
coagulation deficiency and sometimes after prenatal sampling of chorionic
villi.45,46 As with many congenital limb defects, these deficiencies can
often be detected prenatally with fetal ultrasonography.47
The exact incidence of transverse foot defects not associated with
constriction band or chorionic villi sampling is unknown. Drugs that may
create vascular-related partial foot defects include ergotamine and
misoprostol. In a study by McGuirk et al48 of 161,252 births in the Boston
area, the prevalence rate of limb reduction defects as a result of presumed

vascular disruption was 0.22 per 1,000 births. In this large series, eight
children had partial foot deficiencies; three of these children had
constriction band syndromes and one had split-hand/split-foot syndrome.
Longitudinal Deficiencies of the Foot
Longitudinal deficiencies of the foot are generally associated with
longitudinal long bone deficiency. This is particularly true with all types of
fibular deficiencies with associated lateral ray loss. Some of these patients
are considered to have partial foot deficiencies because of minimal limblength discrepancy and the use of leg lengthening procedures; however,
most of these patients are treated with foot ablation if leg length is
projected to be short. An exception is a child with bilateral plantigrade feet
and similar leg lengths (Figure 8). Medial longitudinal deficiencies of the
foot that are not associated with long bone deficiency are extremely rare
and may be associated with constriction band syndromes. It is important to
carefully examine hindfoot function in any longitudinal foot deficiency to
evaluate for limb-length discrepancies and tarsal coalitions. Some isolated
longitudinal medial foot deficiencies can be seen with Goltz syndrome and
fetal alcohol syndrome.48-50
Bilateral longitudinal fibular deficiency often is associated with lateral
partial foot amputation. Because the feet are plantigrade, no higher
amputation level is needed, and the patient is fitted with a partial foot
prosthesis.

Figure 8

Clinical photograph of the lower limbs of a child
with a bilateral longitudinal fibular deficiency and lateral ray
loss. Because the child has plantigrade feet, amputation at a
higher level is not necessary.

Amniotic Band Syndrome
Amniotic band syndrome is a relatively common cause of partial foot
amputation. This syndrome occurs in 1 in 10,000 births.51 These patients
may have numerous other organ system involvements, and all four limbs
often are affected. Although each manifestation of the syndrome is
essentially different, involvement of the lower limbs is common. Digital
ring constrictions, distal atrophy, intrauterine transverse or longitudinal
deficiencies, syndactyly, and clubfoot can occur in the lower limbs.52
Digital amputation is frequently necessary in these patients. Constriction
band release, however, may salvage a foot or a partial foot.53 Although not
generally considered an inherited condition, many predisposing factors,
including maternal smoking, drug use, hyperglycemia, hypertension,
amniocentesis, and first-degree relatives with the syndrome, have been
identified in patients with constriction band syndrome.54 Some theories
suggest that amniotic band syndrome is the result of a vascular insult early
in embryogenesis.54
Split-Hand/Split-Foot Syndrome
Split-hand/split-foot syndrome, also known as ectrodactyly-ectodermal
dysplasia, is believed to be an autosomal dominant condition in which a
variety of systems can be involved.55 If the degree of foot involvement
allows the use of normal footwear, surgical intervention may be
unnecessary. Often, however, one limb may be more involved than the
other, creating the need for reconstruction and possible partial foot
amputation. The goal is to allow the patient to use normal footwear
(Figure 9).

Prosthetic Choices
Prosthetic choices for children with a partial foot amputation or deficiency
have evolved considerably over the past two decades. Custom-made
leather, lacing-type prostheses have been replaced with sophisticated,
lifelike molded synthetic constructs. In children with simple

metatarsophalangeal loss, toe spacers and foam shoe fillers may suffice
(Figure 10). Most children with simple toe loss or even multiple toe loss
can ambulate with no observable gait abnormalities.9 Dillon and Fatone56
reported that after metatarsal heads are compromised, foot length becomes
an issue, and the center of pressure remains behind the residual limb until
after contralateral heel contact. Patients with very short partial foot
amputation levels may benefit from ankle immobilization with a relatively
stiff forefoot prosthesis.

Figure 9 A, Standing preoperative radiograph of the feet of a
patient with split-hand/split-foot syndrome. The left foot is wider
than the right foot. B, Postoperative radiograph taken after
intercalary resection of the second metatarsal of the foot, with
use of a cross metatarsal suture anchor. The procedure
narrowed the left foot, allowing easier shoe wear.

Figure 10

Photograph of a simple foam filler, which can be
attached to an orthotic device in a patient with partial foot loss.

At the institution of this chapter’s author (Twin Cities Shriners
Hospital, Minneapolis, MN), success has been reported with a “foamer
foot” construct, using a prosthetic foot shell alone without rigid ankle
immobilization7 (Figure 11). Impregnation of fabric within the plastic foot
shell has markedly increased its durability. In this construct, the residual
limb is placed in an alginate mold in a semi–weight-bearing seated
position with the knee in 90° of flexion. The plaster impression is then
modified by building up plaster over bony prominences and removing
plaster around the ankle circumference. This results in more space over
bony prominences, with less space around the ankle to accommodate
stretching of the prosthesis. The final prosthesis has proven extremely
durable in 12 pediatric patients fitted with a “foamer foot” construct after
partial foot amputation.57 This prosthesis is less expensive than typical
prostheses used for ankle disarticulation or Chopart-level amputations and
offers excellent cosmesis and function. In an analysis of 141 clinical visits,
only two patients required a visit more than once per year.57 More
objective data are needed regarding different prosthetic models for partial
foot amputation.

Figure 11

Lateral (A) and AP (B) views of a prosthetic
foamer foot, which is used in midlevel to proximal level partial
foot amputations.

Summary
Various etiologies, such as traumatic, syndrome-related, congenital,
infectious, and vascular etiologies, are often the reason for partial foot
amputation in children. Durable skin coverage and obtaining a plantigrade
foot are essential for a successful partial foot amputation. In patients with

congenital deficiency or gigantism syndrome, leg-length inequality must
be assessed. An experienced prosthetist is needed to fabricate pediatric
prosthetic devices for amputations and deficiencies at more proximal
levels of the lower limb.
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Chapter 82

The Child With Multiple
Limb Deficiencies
Anna Cuomo, MD Hugh G. Watts, MD

Abstract
A child with multiple limb deficiencies requires special consideration. A
complete physical examination with careful attention to other organ systems
is warranted. Most children are extremely adaptive and can be
psychologically well adjusted when they are provided with a supportive
environment. Treatment should be pursued at centers dedicated to the
challenges of integrating occupational therapy, physical therapy, and
individualized prosthetic components throughout the child’s intellectual and
physical development. Because of the increased size and weight of multiple
prostheses and associated issues of heat retention and difficulty with donning
and doffing equipment, the child with multiple limb deficiencies may achieve
optimal functioning using assistive devices, such as a wheelchair with a lift
and adaptive computers. Technological advances such as computerized
devices with voice recognition systems hold great promise for improving
functional independence.
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Introduction
Children with limb deficiencies have special problems not shared by adult
amputees, and the difficulties increase exponentially for children with
multiple limb involvement (Figure 1). These children should be cared for
in special treatment facilities.
The term multiple limb deficiencies covers many possibilities, ranging
from a child missing two minor toes and a single finger on the
nondominant hand to a child born with no arms or legs. Children may have
multiple limb deficiencies, either because they were born with the
deficiencies or as a result of an accident or illness. Common sense and a
creative team approach are needed to recognize and appropriately treat the
varied needs of these children.

Congenital Multiple Limb Deficiencies
The incidence of congenital limb deficiencies is approximately 1 in 2,000
births. In the United States, approximately 1,500 infants annually are born
with upper limb reductions and approximately 750 have lower limb
reductions.1 Reports in the literature from British Columbia range from
0.31% per 1,000 to 0.79% per 1,000 births. The variability in incidence
likely results from differences in gene pools and reporting methods in
different locations.2-4 Approximately 30% of these infants have deficits in
more than one limb (15% with two limbs, 5% with three limbs, and 10%
with all four limbs).5-7 The most common deficit for all congenital
deficiencies is digital reductions, which account for approximately 50% of
all reported cases. In approximately one-third to one-half of patients, other
organs systems also are involved.

Figure 1

Photograph of a child with multiple limb

deficiencies.

Etiology and Presentation
The most common apparent cause of all congenital limb deficiencies is
vascular disruptions, such as amniotic band–related limb deficiency, which
accounts for approximately 35% of cases. Other congenital causes include
gene mutation, familial occurrence, and known syndromes (24%);
chromosome abnormalities (6%); teratogenic causes (4%); and unknown
causes (32%).8 In general, digits are more often affected than long bones,
longitudinal defects are more common than transverse defects, intercalary
deficits are rare, and upper limb deficits are either reported slightly more
frequently or occur at an equal frequency as lower limb deficits. Both the
upper and the lower limbs are affected in approximately 8% of infants.8,9
Amelia is reported to be 1.41 in 100,000, and phocomelia is 0.62 per
100,000 births.10,11
Limb deficiency can refer to the absence of a limb as well as to limb
anomalies that might require a prosthesis or modified prosthesis for one or
more of the involved limbs. For example, a child with the most severe

form of thrombocytopenia–absent radius (TAR) syndrome may have
phocomelic upper limbs and fusion of both knees caused by congenital
synchondroses. These children cannot effectively use their feet to replace
limited hand function because their knees do not bend sufficiently to allow
the foot to reach the mouth. If bilateral knee disarticulations are
performed, the child would be able to sit in a chair more easily but would
be unable to rise from the floor after a fall because his or her short arms
could not provide adequate assistance.
Approximately 60% of children treated in amputee clinics have
congenital conditions.6,12 In addition, 10% of children with acquired
amputations have a loss of more than one limb, although underreporting
may occur because these children are generally treated in the community
and not in pediatric amputee centers. This is particularly true of children
with lower limb amputations, which are easier to manage in a lessspecialized facility than are upper limb amputations.13 Among children
who have acquired amputations, 40% involve the upper limb; however, in
children treated at amputee clinics, congenital upper limb involvement is
twice as likely as lower limb involvement.6

Associated Anomalies
The limbs form at 4 to 7 weeks of gestation, as do organs such as the
kidneys and heart. Therefore, a thorough examination for associated
anomalies is mandatory in a child with one congenital anomaly. The
clinician should begin the examination at the head and work downward,
checking the cranial nerves (especially cranial nerve VII) to test for
associated Möbius syndrome, the palates (soft and hard), and the eyes and
ears for placement and formation. The chest should be checked for the
proper number and location of nipples, and the pectoral muscles should be
examined. The heart should be examined for heart murmur, the anus for
normal formation, and the spine for curvature and sacral dimples. The
other limbs should be carefully evaluated for the presence of even minor
abnormalities that could change the diagnostic (and possibly prognostic)
category from single-limb to multiple-limb involvement. The presence of
petechiae or bruises can suggest TAR syndrome. The infant’s mother and
his or her nurses should be questioned regarding the infant’s sucking and
swallowing to assess for tracheoesophageal abnormalities. If the infant’s
urine is abnormal, renal anomalies should be considered.
Additional studies may be indicated. Renal ultrasonography and

radiography should be used to evaluate the spine and heart for all infants
with a limb deficiency. A complete blood count and differential, including
a platelet count, should be obtained for a child with a radial deficiency.
Because upper limb deficiency syndromes, such as Holt-Oram syndrome,
can have a particularly high association with cardiac defects,
echocardiography should be strongly considered. Currently, there are no
recommendations for a screening echocardiogram specifically for a child
with multiple limb reductions or anomalies; however, the most recent
disease-based guideline from the American Society of Echocardiography
lists clinically suspected syndrome or extracardiac congenital anomaly
know to be associated with congenital heart disease as an appropriate
indication for a newborn screening echocardiogram.14
Anomalies in the central nervous system or one of the receptive senses
(vision or hearing) are of particular importance. Children are generally
extremely adaptable, but if the central nervous system is involved, the
child’s adaptive capacity may be compromised.

Acquired Multiple Limb Deficiencies
Not all multiple limb loss results from congenital causes. Purpura
fulminans, commonly caused by meningococcal disease, results in
disseminated intravascular clotting. This condition can occur after other
bacteremias (for example, pneumococci) or a viremia (for example,
chicken pox) and can necessitate the amputation of multiple limbs.15
Incidents involving trains are another cause of multiple limb loss. A
common scenario is that of a child trying to hop a train at the after-end
ladder, losing his or her grip, and being spun around the back end of the
railway car and thrown on the tracks in front of the following car. This
commonly results in the loss of two or more limbs. Lawnmower injuries,
automobile collisions, electrical burns, and injuries caused by explosive
devices are other traumatic causes of multiple limb loss.

Special Needs
Children with multiple limb loss present special challenges to the
professionals who work with them, and each patient has unique needs and
abilities. The knowledge gained by treating one child may not be
applicable to another child with limb loss.

Prosthetic Components
Children with multiple limb deficiencies have a greater need for
specialized prosthetic components than do those with single limb
deficiencies. Several characteristics of prosthetic components should be
considered in relation to the special needs of the child with multiple
deficiencies.
Size and Weight
Prosthetic components for adults are usually available in large, medium,
and small sizes, with perhaps an extra small size that is appropriate for
smaller women. Children, however, need an array of sizes, ranging from
those that can fit a tiny 1-year-old toddler up to devices for a teenager of
nearly adult proportions. Although competition has encouraged many
manufacturers to address this niche market, it is not economically feasible
for manufacturers of prosthetic components to fabricate and store large
stocks of multiple-sized items because of the relatively low demand.
Therefore, some components may need to be individually crafted. The
weight of prosthetic components is an issue not only because of the
smaller muscle mass available to move the prostheses but also because
children with multiple limb deficiencies find that minor difficulties with
one prosthesis can adversely affect the functioning of another.
Heat Retention
Wearing a prosthesis can be hot, especially in warm climates. The limbs
provide an increase in total surface area of the skin, which is the primary
source of cooling the core body temperature.16 Children who wear two,
three, or even four prostheses may not have enough bare skin to disperse
heat adequately. In addition, prostheses for higher levels of limb
deficiency demand greater energy expenditure by the child, compounding
the heat problem. This is a particular problem if the child has a hip or
shoulder disarticulation requiring a prosthesis that covers a considerable
area of the trunk. Body temperature may become substantially elevated.
Reasonable, normal activities may be prohibitive in any season but
especially in the summer, and the child may understandably refuse to wear
the prostheses as a result.
Integration of Prosthetic Components
Children with multiple limb deficiencies frequently require custom-

designed components, which often require custom fabrication. For
example, an 8-year-old boy who was born with bilateral hip
disarticulations and an absent left hand was able to walk on bilateral lower
limb prostheses by using a regular forearm crutch with his normal right
arm and using a custom-made crutch as the terminal device of the left
upper limb prosthesis. When the boy was not walking, the left arm
prosthesis included a quick-disconnect wrist that allowed him to easily
exchange the crutch for a hook. Fabrication of such special items is labor
intensive and expensive; however, the challenge of helping these complex
patients stimulates creative solutions and provides satisfaction to both the
patient and the treatment team.
Donning and Doffing
The design of the prostheses must allow independent donning and doffing.
The child with multiple limb deficiencies may wear such an array of
devices that it can be difficult for a parent, let alone the child, to apply
them. If the child is to become an independent adult, this aspect must be
considered. The need to achieve independence depends on the child’s age
and psychosocial development and the relationships within the family.
Many parents are reluctant to relinquish their own need to assist the child
and must be encouraged by the clinical staff to allow the child to gain
independence. Prostheses appropriately designed for easy donning and
doffing may be helpful. For example, pull tabs with a fabric hook and loop
fastener system can be used on belts and harnesses to allow easy grasping
with a prosthetic hook for donning a suction socket or a total elastic
suspension belt.

Wheelchair Use
Various factors need to be considered if wheelchair use is required. If a
powered wheelchair is not necessary, a standard chair is preferable
because the exercise it requires can help with the common problem of
obesity. If a powered chair is necessary, its size and weight must be
considered. It will usually be necessary for the parents to have a van
modified with a lift or ramp to accept the chair because power chairs are
heavy. For adolescents of driving age, a van will need to be modified to
allow the wheelchair user to operate the vehicle.
For the most severely involved children, such as those missing both
arms and both legs, the wheelchair may need to be adjustable to almost

floor level. This allows the child to crawl or roll onto the seat, and then
raise the seat to a level more functional for table activities. Such
wheelchairs are individually fabricated and often are expensive.

Gadget Tolerance
Members of the rehabilitation team or the family may devise a
complicated mix of equipment, especially electronics, to allow the child to
perform an array of activities. Often, these devices outstrip the child’s
needs and desires. Despite their adaptability, children often will not
tolerate having a large number of highly technical mechanical devices
applied to them. This is commonly called poor gadget tolerance (Figure
2). Children often function much better without highly sophisticated
equipment. An electronic replacement for an upper limb often does not
have long-term acceptance by a child with multiple limb deficiencies.
Many reasons have been given for this lack of acceptance, but factual
information is lacking. Many children find it difficult to articulate why
they prefer not to wear upper limb prostheses. It has been speculated that
the excessive heat buildup, high energy consumption, discomfort, and,
most importantly, the lack of sensory feedback are important factors in
prosthesis rejection. Other clinicians have speculated that children born
with a limb deficiency may lack an appropriate representation in the brain
for the absent limb. This theory has been supported in recent brain
mapping studies comparing individuals with congenital and traumatic
upper limb loss.17 The lack of willingness among children to wear upper
limb prostheses provides a difficult challenge for those working to develop
and improve upper limb prosthetic components for this population.

Figure 2

Photograph of a prosthesis developed for a
bilateral high-level upper limb amputee. This type of prosthesis

is unlikely to be worn by a child born with the absence of both
upper limbs because it will be hot, heavy, and provide little
sensory feedback. It also exceeds a child’s gadget tolerance.

Economic Implications
Given the need for multiple prostheses, a special wheelchair, and a
customized van for the child’s transportation, the major limitation
experienced by the family of a child with multiple limb deficiencies is
likely to be the ability to pay for the ancillary equipment. Some financial
help may be available from government agencies and charitable
organizations. Accessibility to the classroom and assistants to help these
children (especially with toileting while they are at school) are more
commonly available since the passage of legislation ensuring educational
opportunities for all children in many countries.

Developmental Capabilities
As is true of able-bodied children, the developmental capabilities of
children with limb deficiencies are constantly changing. Unlike ablebodied children, however, those with multiple limb deficiencies face
greater challenges, and the adaptation required may be overwhelming.
Although there have been reports of successful fittings of toddlers with a
unilateral prosthesis incorporating an articulated knee, the child with
multiple limb loss faces a greater challenge. Mastering two articulated
lower limb prostheses is very difficult, and, if upper limb deficiency is
present, the child’s ability to avoid injury in a fall is compromised. It is
much simpler for these children to learn to use nonarticulated limbs. The
child’s intellectual development as well as physical coordination and
strength are important in planning the prosthetic program. A 5-year-old
child cannot be expected to manage myoelectrically controlled hands with
the same dexterity as a 13-year-old adolescent. Prosthetic components for
children should be appropriate for the developmental age of the child and
for the degree of multiple challenges faced by a particular child.
Age of First Fitting
The child with multiple limb deficiencies may be limited in his or her
ability to fulfill experiences important for normal intellectual and motor
development, such as mobility to explore surroundings, the ability to
manipulate objects, and obtaining tactile and proprioceptive feedback.

However, most children will naturally seek to substitute other methods for
gaining these experiences, and this should be encouraged. It has been
proposed that directional sense, such as up and down, left and right, and
rotation, is impaired in children with limb deficiencies because they cannot
easily explore their surroundings. However, a study by French and
Clarke18 found no difference in directionality test scores between
congenital and traumatic amputees, who presumably had the opportunity
and ability for normal development before limb loss. There was a trend,
however, toward poorer scores with increased severity of the pattern of
deficiency. Every effort should be made to help children with multiple
limb deficiencies reach appropriate milestones to aid their intellectual and
motor development.
Some care providers have advocated fitting children younger than 6
months of age with upper limb prostheses so the children can be trained to
develop bimanual eye-hand coordination. Current practice, however, is to
wait until a child is beginning to develop sitting balance, usually at
approximately 5 to 6 months of age. The first fitting may occur later in a
child with multiple limb loss, however, developmental delay or other
health needs may intervene.
Age of Activation of Terminal Devices
The age at which the terminal devices in a child’s prostheses should be
activated will depend on the child’s psychomotor development. Ordinarily,
the terminal device is mounted at the time the prosthesis is first applied. At
first, the therapists and parents open the device and place objects in it so
that the child can understand the principle of the device. If a myoelectric
prosthesis is to be used, some clinics will fit the child very early (at age 12
to 24 months) with a simpler single-electrode system, which alternately
controls opening and closing. If a body-powered prosthesis is to be used,
the activating cable is usually connected at approximately 18 to 24 months
of age, when the child is more developmentally ready. The major factor in
the timing of these decisions is the child’s developmental readiness. In
children with multiple limb deficiencies, the timetable may need to be
extended.
Sports and Recreational Activities
As is the case with able-bodied children, those with multiple limb
deficiencies learn by playing. These children may have an even greater

psychological and physical need for active play than able-bodied children
because they have few activities to help them burn calories and because
food is often offered to these children in sympathy by parents and siblings.
This is especially true for children with multiple high-level deficiencies, in
whom the propensity for obesity should be counteracted with exercise and
caloric limitation. Children with distal deficiencies who wear prostheses
and are very active may burn calories at a high rate and need additional
calories to maintain a normal weight.
Although parents may worry that swimming is not safe for children
with multiple limb deficiencies, swimming is a good sport for amputees,
and it can be readily done by those with no legs. Even children with
missing arms and legs can perform a porpoise-like trunk motion that will
propel them through the water. Although supervision is imperative, many
groups welcome the challenge of helping these children learn to swim.
Skiing is also a favorite sport among many amputees because it gives
them an opportunity to experience the exhilaration of speed. The child will
need help, and prostheses may need to be modified. An extra socket may
be needed to protect the residual limb and keep it warm when no
prosthesis is worn. For ski poles, modified forearm crutches are fitted with
small ski tips (outriggers). Instruction is important to teach the child how
to use new equipment. If tritrack or three-track skiing is unrealistic, a child
with multiple limb deficiencies can learn to ski seated in a special frame
mounted over a single ski.
Special centers are available at which amputees can learn to participate
in a variety of sports. Parents should be encouraged to allow their children
to participate because it is natural for them to be overprotective. This may
require an active effort on the part of the clinical team to reassure parents.
A referral to a recreational therapist may be beneficial.
Sexuality
Children with multiple limb deficiencies will undergo normal sexual
maturation and have normal concerns about sex. These children face many
of the same issues as their able-bodied peers, but their sexual development
is often complicated by added concerns about their altered body image and
how they will be accepted by a potential partner. Adult amputees discuss
issues of sexuality among themselves. Clinic team members are often
reluctant to discuss sexuality, but they must provide the developing child
with appropriate information and/or counseling. Adult men without arms

or legs have fathered children, limbless women have given birth to
children, and limb-deficient parents have successfully raised children.
Adolescents with congenital deficiencies commonly worry about
passing their condition on to potential offspring. Such worries are
generally unfounded, but a referral to a genetic counselor may provide
valuable insight and, in most cases, will relieve anxiety.

Psychological Needs of the Child and Family
It might be expected that multiple limb deficiency would exact a heavy toll
on a child’s psyche, but studies have shown that these children do well
psychologically.19-23 These studies have found that the effect of perceived
physical appearance on psychological distress is mediated by general selfesteem, not by the severity of the physical involvement. There is also
empiric evidence that coping mechanisms are tied to perceived social
support from parents, teacher, and classmates and to the level of
family/marital conflict and organization. In essence, the child’s selfperception is a reflection of the attitudes of those with whom he or she
interacts. This is an important point for parents and caregivers to learn
early in the process of caring for their child, because they will have a great
influence on the child’s self-esteem.
A long-term prosthetic treatment plan may be easier to accomplish in a
child than in an adult who is employed and cannot miss work. However,
intervening during childhood means that more people (the patient, the
parents, and sometimes grandparents) are involved with prosthetic
management decisions. To ensure the best care for the child, all concerned
parties should be informed of their rights, and treatment options should be
explained and discussed. If a conversion amputation is being considered,
there is usually no need to rush into an elective conversion amputation
until everyone is comfortable with the need to proceed.
The need for cultural sensitivity has assumed more importance in
recent decades. Some cultures are much more resistant to conversion
amputation, although the clinical team may see the need as obvious. These
cultural differences can be compounded because of misunderstandings
caused by language translation. Putting the child’s family in contact with
other families who share the same cultural traditions can often be very
beneficial.

Special Aspects of Upper Limb Absence
Scoliosis
Children with upper limb deficiencies have an increased chance for the
development of scoliosis, either congenital or idiopathic.24-28 If the
scoliosis becomes progressive, the curves are very resistant to bracing, if
for no other reason than braces are difficult to wear for a child with upper
limb absence. If spinal fusion is being considered, the possible effects on
the child’s ability to reach the mouth with the feet should be carefully
considered, because most of these children choose to use their feet rather
than prostheses. Decisions should be made based on advantages and
disadvantages to the child’s lifetime functioning rather than on the basis of
radiographic findings alone.

Figure 3

Photograph of a child with bilateral upper limb loss
using his feet to replace hand function.

Use of Upper Limb Prostheses
Children born without one or both upper limbs can have extraordinary
functional capability. James et al29 concluded children with unilateral
transradial transverse deficiencies have nearly normal function and quality

of life regardless of whether they wear a prosthesis. The effect of an upper
limb prosthesis on quality of life and function in children with multiple
limb deficiencies is not well studied; however, it is acknowledged that they
can readily be taught to feed themselves and perform many tasks using
their feet and toes (Figure 3). Objects can be grasped between the chin and
shoulder or between a very short residual humerus and the chest wall.30
The sensory feedback provided by using feet or residual limbs is
advantageous over prostheses use. The increased energy consumption
required to manipulate a prosthesis can be problematic for a child with a
multiple limb deficiency. The recent focus on highly technical components
for adults has not had a substantial effect in the field of prosthetic devices
for children because of the high costs. These factors can lead to difficulty
when trying to convince a child to wear an upper limb prosthesis because
the child may be more facile, especially initially, without the prosthesis.
Most children who are born without arms will not wear prostheses
throughout their lifetime.31-33 The percentage of such children who use
prostheses may depend on the enthusiasm of the clinic team for fitting
such children and the age at which such children are first fitted.34
Although there are notable exceptions, many children born with upper
limb deficiency function better without prosthetic help. By the time they
reach adulthood, they are able to do almost everything for themselves,
including driving an automobile with their feet. In contrast, children who
lose their arms because of trauma are much more likely to struggle with
the limb loss.
No prosthesis may be prescribed for a child because of common sense
concerns and a need to carefully husband the limited financial resources of
the child’s family. Other factors, however, should be considered. For
example, at some point in the patient’s life, especially during adolescence,
an individual born without arms may request simple cosmetic arms to be
used for special occasions.
Initially, most parents want their child to be fitted with prosthetic arms.
As a consequence, a trial of prosthetic fitting may be a necessary stage that
a family must go through so that they can personally experience the
rejection of the prostheses by the child. Consequently, the prescription of a
set of arm prostheses with expensive myoelectric components may not be
a practical decision. There may be a temporary need, however, to provide
lifelike passive hands for an infant so that a parent will not reject the child.
Because these children will probably not use prosthetic arms and will

function by using the feet in place of the hands, it is important to know the
status of the motion and muscle control of the hips, knees, ankles, and
toes. Careful examination is essential, because congenital anomalies are
frequently associated with other anomalies.
The skill of the occupational therapist in upper limb prosthetic training
may play only a limited role in the child’s care if the child rejects longterm prosthesis use. The therapist’s most important role may be to teach
the child how best to substitute the feet for the missing arms and how to
use adaptive equipment creatively. The ability to shrug the shoulders can
be useful for grasping objects between the side of the neck and the upper
scapula. The use of assistive devices (for example, a mouth stick for
typing) can help the older child interact with the world. Toileting is a
major problem for the child without arms, especially if the child wants to
use public restrooms.
Computers may change the lives of children with upper limb absence.
Computers can be used as controllers to activate remote switches (for
example, turning lights on and off or answering a telephone), although
control of a computer keyboard is still a problem. There are mouthcontrolled stick devices available for keyboards as well as touch-screen
devices.
Voice-controlled software has not yet proved to be as effective for
children as it is for adults, although this technology holds great future
promise for limb-deficient children. Voice recognition systems for adults
have improved dramatically over the past decade because of larger
databases of training data, which result in more accurate models of human
speech. Faster computers and improved algorithms have resulted in better
accuracy of speech-to-text systems and have improved overall accuracy
for all users. However, quantification of the speech of children still lags
behind adult speech because of the lack of training data specifically
applicable to children. Children speak differently than adults in a few key
dimensions, including higher pitch (fundamental frequency), more
irregular prosody (the “tune” of how someone talks), uneven loudness
(including shouting-type speech that itself has different characteristics),
uneven or unusual durations of words and syllables (both too long or too
short), as well as unusual word choice (covering both mispronunciations
such as “aminal” and ungrammatical utterances such as “I goed there”)
(Brian Langer, PhD, Senior Speech Scientist, Toy Talk, San Francisco,
CA, personal communication, 2015). Although voice recognition

technology has great potential to augment the use of assistive devices in
general, there are currently no commercially available prosthetics or
medical devices for patients with limb deficiencies.
In the future, children are likely to embrace more technology as
computer interfaces become more playful and devices become more like
toys. However, the devices must not detract from the child’s own agility or
sensation and must provide immediate positive feedback to maintain the
child’s interest. Small devices that are playful, durable, and have
responsive voice-recognition software will likely revolutionize the world
for a child with multiple limb deficiencies.

Summary
Multiple limb deficiency is rare in children, but those affected often
require care at a specialized center that is equipped with a creative team to
assist the child in gaining independent function. The needs of children
change over the course of their intellectual and physical development.
Because congenital limb reductions are often associated with other organ
system anomalies, a through physical examination and strong
consideration of other specialized tests are required. Care providers must
resist the temptation to simply replace the multiple limb deficits with
multiple prostheses, which may result in problems with decreased agility,
heat retention, and difficulty with component integration. Instead, there
should be a focus on optimizing function and independence. For children
with profound deficits, this is often achieved with assistive devices, such
as wheelchairs with an elevator platform and computers with a mouthcontrolled stick for typing. Voice recognition systems may play an
important role in the future. As technology improves, there may be an
increasing role for assistive devices at earlier ages if the interfaces are
playful and provide immediate positive feedback.
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clinical features of, 815, 818, 818f
management of, 818–820, 819f
prostheses for, 820, 831–832
Congenital tibial pseudoarthrosis, 773, 857
Constant-friction, single-axis knee, 435, 437f
Constant-friction wrist units, 147–148, 148f
Constriction band syndrome, 815, 818f, 845
Constriction ring sequence, 845
Contact dermatitis, 678–680, 680f, 681f, 682f
Contractures
joint, 709, 710f
knee, 933
knee flexion, 489, 511
Control strap
for figure-of-8 harness system, 162, 163f
for transhumeral harness, 169
Control training, 357, 358f
for pediatric patients, 788–790, 789f, 790f, 790t
“Cookie crusher” system, 791
Coordination, physical therapy and, 599
Core
assessment of, 353–354, 354f
strengthening of, 604–605
Coronal stability, of transfemoral prostheses, 539–540, 540f
Cortical reorganization, 667, 667f
Corticosteroids, 414, 672
Cosmesis. See also Aesthetic restoration

with ankle disarticulation, 481, 481f
of externally powered prostheses, 176–177
foot prosthesis, 465, 465f
function of, 379–380, 380f
with knee disarticulation prostheses, 523
of Krukenberg procedure, 244–245
Cosmetic gloves, 146, 146f, 292–293
Coxa valga, 875
CPVs. See Certified peer visitors
Cross-back strap, 169–170, 170f, 303, 304f
Crutches, 614
CT. See Computed tomography
Cuff strap suspension, for transtibial prostheses, 496, 496f, 497f
Cup-walking drills, 616–617, 617f
Curbs, in gait training, 614
Custom-made gloves, 146, 146f, 292–293
Cycling, prostheses for, 624, 624f
Cysts, 689, 714

D
Day diagrams, 757, 758f
Decubitus ulcers, 686–687, 687f
Defense and Veterans Pain Rating Scale (DVPRS), 668, 668f
Definitive care, for wartime amputations, 122
Delayed wound healing, 707–708, 708f
de Luccia and Marino osteotomy procedure, 258, 258f
Demonstration tool, for externally powered components, 178, 178f
Depression
factors related to, 723
pediatric amputation and, 769–770
prevalence of, 722–723
screening for, 724, 724t
Dermatitis
contact, 678–680, 680f, 681f, 682f
heat rash, 681–683, 683f
intertrigo, 681, 683f
nonspecific eczematization, 680
psoriasis, 680–681, 682f

urticaria, 683, 683f
Dermatologic issues. See Skin problems
Derotational humeral osteotomy, 399–400
Desensitization, 602–603
Development capabilities, with multiple limb deficiency, 956–957
Diabetes mellitus
amputation and, 631–632, 698–699
ankle disarticulation and, 475–476, 510–511, 511f
Charcot neuroarthropathy with, 51, 54f
foot infection with, 50–51, 53f
gait kinematics and, 603
transfemoral amputation and, 528, 529f
Diabetic ulcers, 50, 53f
Diamond-Blackfan anemia, 823–824
Digit-shifting procedures, 852
Dining, without prostheses, 734–735
Distal femoral focal deficiency, 898–899
Distal forearm hand transplantation, 412–413, 412f
Distance running, prostheses for, 623–624, 623f
Donor procurement, for hand transplantation, 411, 411f
Dorrance Mechanical Hand, 145f
Double-axis shoulder units, 156, 156f
Double harness ring, 169, 169f
bilateral, 303, 304f
Double lift assists, 293
Double ray amputation, of hand, 204–206, 209f, 210f
Dressings
compressive, 33–34, 34f, 35f
hydrofiber, 33, 34f
negative-pressure wound, 32, 32f, 33f
postoperative, 600–601
without prostheses, 733–734
protective, 34–37, 35f, 36f
rigid, 34–36, 35f
removable, 36, 36f
soft, 31–32
Driving
adolescents and, 811

without prostheses, 736, 736f
Dry skin, 690–691
Dual-input myoelectric control strategies, 195–196
Dual-ring harness, bilateral, 303, 304f
Durashock, 627, 627f
DVPRS. See Defense and Veterans Pain Rating Scale
Dynamic prosthetic alignment, 81–82, 83t
Dynamic elastic response foot, 433, 433f
with adjustable heel height, 441, 441f
for hip disarticulation prostheses, 566
with shock-absorbing pylon, 434, 435f
with split keel, 434, 434f
Dynamic residual limb exercises, 604, 605f
Dynamic shin pylons, 433, 434f
Dysesthesias, 666

E
Economic effects
of amputations, 701
of multiple limb deficiency, 956
of prostheses evolution, 19–20
Economy Wrist, 147f
Edema
limb, 43–44
reduction of, 352, 352f
after transtibial amputation, 489
Education
postoperative, 602–604
in prosthetics, 20–21
for rehabilitation without prostheses, 732
vocation and, 741, 744
Élan foot, 446, 446f
Elastic bandage compression
for limb shaping, 352, 352f
for pain reduction, 353, 353f
Elbow disarticulation
angulation osteotomy compared with, 251
complications with, 254

general considerations for, 250, 251f
history of, 7
in pediatric patients, 258
rehabilitation for, 254
selection of, 249, 249f
socket, 267, 267f
surgical considerations for, 249–250
surgical technique for, 250–251, 252f, 253f
Elbow disarticulation prostheses
advantages of, 258, 258f
casting impression for, 263–265, 263f, 264f
control strategies for, 268–269, 268f, 269f
early and immediate, 259–260, 260f
elbow flexion assists, 155–156, 155f
elbow units, 153–155, 153f, 154f
interface of
alternatives for, 266–268, 266f, 267f, 268f
considerations for, 260–263, 260f, 261f, 262f
construction of, 266, 266f
modification and evaluation of, 265–266, 265f
load-bearing with, 263
objectives of, 257
open-panel design for, 268, 268f
osteotomy for, 250, 251f
postoperative management of, 259–260, 260f
pull-in socket design for, 261–262, 261f, 262f
push-in socket design for, 261, 261f
sockets for, 257–258
soft-tissue considerations for, 258–259, 259f
Elbow joints
endoskeletal, 292
for shoulder prostheses, 290
Elbow lock cable
for shoulder disarticulation harness, 172, 172f
for transhumeral harness, 167, 168f
Elbow locking
for shoulder disarticulation harness, 171–172, 172f
for transhumeral harness, 167

Elbow prostheses
angulation osteotomy for, 251
Automatic Forearm Balance unit, 154–155, 155f
for bilateral amputee, 305–306, 307f
endoskeletal design, 157f, 158
ErgoArm units, 154–155, 155f
E-series elbows, 154, 154f
externally powered, 186–188, 186f, 187f
friction, 153, 154f
infection with, 48, 52f
inside-locking hinges, 153–154, 154f, 155f
outside-locking hinges, 153, 153f
Elbows
flexion assists, 155–156, 155f
flexion of, 166, 166f
kinesiology of, 102–105, 105f
Krukenberg procedure and, 244
Electrical injuries, 63–64, 856, 946
Electric scooters, 733, 733f
Electrodes. See Electromyographic amplifier/processor
Electromyographic amplifier/processor, 195, 195f
internal, 199–200
snap-on, 267, 267f
for targeted muscle reinnervation, 341–342, 342f
Electromyography (EMG)
for brachial plexus injuries, 394–395
with transfemoral amputation, 527–528
Elevated vacuum suspension systems, for transtibial prostheses, 499,
499f
ELF Strap, 157–158, 157f
Embryology, 751, 752f, 753f
Embryonic limb development, 751, 752f, 753f, 759–761, 760f
EMG. See Electromyography
Endo-exo device for skeletal anchorage, 583
Endoskeletal systems
elbow joints, 292
evolution of, 14–15, 14f, 17
hip joints, 567–568, 567f, 568f

solid ankle flexible foot, 433, 433f
torsion adaptor, 433, 434f
transhumeral, 157f, 158, 262, 262f
Energy expenditure
partial foot amputation and, 467
with a prosthesis, 24, 24f
SACH foot and, 431
transfemoral amputation and, 525
transfemoral prostheses and, 538
ENER~JOINT, 153, 154f
Environment
externally powered prostheses and, 178
Krukenberg procedure and, 244
vocation and
lower limb amputation, 740–741
upper limb amputation, 742–743
Epidermal cysts, 689, 714
Equestrian sports, prostheses for, 377
Equinovarus foot deformity, 873, 874f
ErgoArm units, 154–155, 155f
Ergotism, 4
Ertl technique, 487–489, 488f
E-series elbows, 154, 154f
ETD hook, 181, 182f
Evacuation care, for wartime amputations, 121, 122f
Evolution 2 hand, 182–184, 182f
Ewing sarcoma, 753
Excessive heel rise, 85
Excessive pistoning, 84
Excessive terminal impact, 85, 94
Excursion amplifiers, 293, 293f
Exercises
preprosthetic, 604–607, 604f, 606f
prostheses for floor, 367, 367f
stool-stepping, 608, 608f
Exoskeletal prostheses, for shoulder disarticulation, 293–294, 294f
Expandable wall sockets, 483
Externally powered prostheses, 175–176

ancillary equipment for, 178, 178f
for bilateral amputee, 304, 305f
bus signal transmission for, 200
control of, 193
elbow components, 186–188, 186f, 187f
for bilateral amputee, 306
evolution of, 18
hybrid configurations of, 178
internal electrodes for, 199–200
joint impedance of, 179
joint types of, 178–179, 179f
kinesiology and, 194–195
movement quality of, 179
multiarticulated hand control strategies, 198–199
muscle innervation for, 199
myoelectric control options for
control variables for, 195
dual-input strategies for, 195–196
force-sensing resistors, 197, 198f
force transducers (servos) for, 197
nonproportional electric switches for, 197–198
potentiometers for, 196–197, 197f
proportionally controlled input sources for, 196
signal for, 194–195, 195f
single-input strategies for, 196, 197f
partial hand prostheses, 216–217, 216f, 217f
pattern recognition for, 199
power source for, 179–180, 179f
prehensors for
anthropomorphic single degree of freedom, 180–181, 180f, 181f
function of, 180, 180f, 181f, 182f
multiple degrees of freedom, 181–184, 182f, 183f
nonanthropomorphic single degree of freedom, 181, 181f, 182f
preparatory fitting for, 178
selection factors for, 176–178
shoulder components, 188, 188f, 292t, 294–295
in shoulder disarticulation applications, 173, 174f
transhumeral, 186, 269, 269f

transradial, 184, 235–237, 235f, 236f, 237f
for unilateral shoulder disarticulation deficiency, 795
for unilateral transhumeral deficiency, 793–794, 794f
for unilateral transradial deficiency, 787–790, 788f, 789f, 790f
upper limb provisional, 319
wrist components, 184–186, 184f, 185f, 235–237, 236f, 237f
Extraplexal nerve transfers, 396

F
Failures of formation, 845
Fairlead cable, 294, 294f, 306, 307f
Falling, controlled, 617
Fanconi syndrome, 823–824
Farmer’s hook, 141–142, 142f
Farm-related injuries, 945
FATCO. See Fibular aplasia, tibial camptomelia, and oligodactyly
syndrome
Feet. See Foot
Femoral bifurcation, 875–876
Femur
congenital deficiencies of
classification of, 890–892, 890f, 891f, 892f
clinical examination of, 892, 892f
etiologies of, 889, 889f
longitudinal, 766t
presentations of, 889–890, 890f
radiographic features of, 892–893, 893f, 894f
shortened, 875
surgical techniques for, 895–899, 896f, 897f, 898f, 899f
treatment planning for, 893–895, 894f, 895f
distal, focal deficiency, 898–899
lengthening of, 896–897
Van Nes rotationplasty for, 773, 774f
Femur-fibula-ulna complex, 865
FFMT. See Free-functioning muscle transfer
Fibula, congenital longitudinal deficiencies of, 766t, 865, 866f
Fibular aplasia, tibial camptomelia, and oligodactyly syndrome
(FATCO), 865

Fibular deficiency, 865, 866f
pediatric prostheses for, 885
Fibular hemimelia, 865
Fibular tibial synostosis, 878
Fibulectomy, 487, 488f
Fibula-femoral transfer, 873–874
Figure-of-8 harness system
axilla loop of, 162, 163f
for bilateral upper limb prostheses, 303, 303f, 304f
components of, 162, 163f
control strap for, 162, 163f
harness and cable system juncture, 163, 164f
harness center point of, 162–163, 164f
horizontal strap modification of, 169–170, 170f
for partial hand prostheses, 160–161, 161f
suspension of, 162, 163f, 238
Figure-of-9 harness, 166, 166f, 167f
Finger amputation. See also Thumb amputation
double ray, 204–206, 209f, 210f
single ray, 203–204, 205f, 206f, 207f, 208f
transmetacarpal, 206–207
Fingernails, prosthetic enhancements, 385
Finger prostheses
aesthetic, 381–382, 381f
biomechanical, 159
body-powered, 215–216, 215f, 216f
externally powered, 216–217, 217f
partial M-fingers, 159f, 160, 215–216, 215f, 216f
pediatric, 832
quick-disconnect, 214–215, 215f
silicone interface for, 322, 323f
X-fingers, 159–160, 159f, 215, 216f
Fingers, kinesiology of, 108–110, 108f, 110f
Firearms, prostheses for, 374, 375f
Fishing, prostheses for, 371–372, 371f, 372f, 373f
Fixsen and Lloyd-Roberts classification system, 891, 891f
FLAG strategy. See Force Limiting Auto Grasp strategy
Flail shoulder, 400

FlexCell Mini, 179f
Flexible hinges, 151, 151f
Flexible inner sockets, 239, 239f, 541t, 542
Flexible keel, 431t, 433
Flexible thermoplastic material, 289, 289f
Flexion-abduction joints, 156f
Flexion wrist units, 150–151, 150f
Flexor joint, 179f
Flex-Run foot, 623f
Flipper prostheses, 625, 625f
Floating brim suspension, 238, 239f
“Floating muscle belly,” in TMR, 342
Floor exercise prostheses, 367, 367f
Floor-to-standing techniques, 615
Fluid-controlled knee, 436t, 439–440, 440f
for knee disarticulation, 518f, 519f, 522–523
FM Quick Change Wrist, 149f
“Foamer foot,” 950, 950f
Foam inserts, thermoformable, 494, 495f
Focal gigantism syndromes, 946, 946f
Folliculitis, 684, 684f
Foot
diabetes mellitus and infection of, 50–51, 53f
function of, 24
rotation of, 84–85, 91
Foot ablation
for femoral deficiency, 895, 896f
for fibular deficiency, 868, 868f
prostheses for, 905, 906f
Foot abnormalities
with longitudinal congenital deficiencies of tibia, 875, 876f
longitudinal deficiencies, 948–949, 949f
with lumbosacral agenesis, 938, 939f, 940f
transverse deficiencies, 948, 948f
Foot amputation. See Partial foot amputation
Foot disarticulation
application of, 453
complications with, 459

for congenital transverse deficiency, 858
imaging for, 454
levels of, 453, 454f
for longitudinal congenital deficiencies of tibia, 879
metabolic and nutritional status for, 454
preoperative evaluation for, 453–454
rehabilitation for, 459
surgical considerations for, 455
tarsometatarsal, 457
transtarsal, 457–458
Foot prostheses. See also Ankle-foot mechanisms
above-ankle, 465f, 466
aesthetic, 384, 386f
for ankle disarticulation, 483, 483f
ankle-foot orthoses, 464f, 465–466, 466f
ankle kinematics and kinetics and, 73–74
for bilateral lower limb amputation, 639, 639f
clinical implications of, 467–468
effectiveness of, 466–467
exercises for, 617
for fibular deficiency, 869–870, 870f
for hip disarticulation prostheses, 566
hybrid shin-ankle-foot components, 433–434, 434f, 435f
for knee disarticulation, 523
in less-resourced setting, 129, 129f
for partial foot deficiency, 463–464, 464f, 949–950, 950f
silicone cosmetic, 465, 465f
“stubbie” feet, 636, 636f
with transfemoral prostheses, 549
Force generation, in lower limb prostheses, 430
Force Limiting Auto Grasp (FLAG) strategy, 181, 196
Force-sensing resistors, 197, 198f, 217
Force-to-excursion quotient
for transhumeral harness, 168, 169f
for transradial harness, 164
Force transducers, 197
Forearms
amputation and rotation of, 222–223, 225

kinesiology of, 105–106, 106f, 107f, 108f
Krukenberg procedure and, 244, 244f
Forequarter amputation
adjuncts for coverage in, 277
anterior cervical triangle exploration in, 276
application of, 271, 271f
complications of, 278f, 279
deep dissection for, 275
en bloc chest wall excision in, 276–277
incision for, 275
indications for, 272
modifications of, 271–272
posterior vascular isolation in, 275, 276f, 277f
postoperative management for, 279
prostheses for, 287–288, 288f
shoulder caps for, 291t, 292, 292f
technique for, 272–274, 273f, 274f
Fork strap suspension, for transtibial prostheses, 496, 496f
Four-function forearm setup, 305, 306f
Fractures
limb length and, 222
in residual limb, 714–715, 715f
Free-functioning muscle transfer (FFMT), 397–398, 399f
Freestyle Swim ankle, 625, 625f
Friction, skin and, 685–686, 686f
Friction Disconnect Wrist, 149f
Friction Elbow Joint, 154f
Friction elbows, 153, 154f
Friction wrist units, 147, 147f
for bilateral amputee, 305
Frostbite injuries, 64, 946
Fuhrmann syndrome, 865
Functional activities, 606
for pediatric patients, with transradial prostheses, 792, 792f
Functional outcome instruments, 599–600
Fungal infections, 47, 47f, 48f, 684, 685f
Furuncle, 684
Fused deposition modeling, 505, 506f

FW Flexion Friction Wrist, 150, 150f

G
Gadget tolerance, 955–956, 956f
of externally powered prostheses, 177–178
Gait
amputee, 69–70
analysis of, 81
instrumented components for, 86
score for, 86, 87f
video assessment for, 86
with ankle disarticulation prostheses, 483
ankle in, 71–73, 72f
computerized analysis of, 70, 71f
deviations in
consequences of, 81
transfemoral, 84–86, 91–94
transtibial, 82–84, 88–90
diabetes mellitus and, 603
forces in, 70–71
with hip disarticulation prostheses, 568, 570–572, 571f, 572f
with osseointegration, 585
partial foot amputation and, 466–467
pattern of, 82
phases of, 69, 70f
skeletal asymmetry and, 882–883
theoretic models of, 71
transfemoral prostheses stability and, 539–541, 540f
with transtibial prostheses, 501, 502f
Gait training
advanced, 613–617, 613f, 614f, 616f, 617f
osseointegration and, 589–591, 589f, 590f
pregait, 607–608, 607f, 608f
resistive, 610, 611f
skills for, 608–609
Gel liners, 494–495, 495f, 521–522, 521f
hypobaric and vacuum-assisted suspension, 545t, 547–549, 548t
for pediatric patients, 778, 778f

suction suspension with, 545t, 547
Gender. See Sex
General physical conditioning, 604
Generalized anxiety disorder, 724t
Genu valgum, 870, 870f
Geography, effects on prosthesis use, 740–741
Gillespie classification, 890, 891f
Glenohumeral arthrodesis, 400
primary BPI reconstruction compared with, 402–403
transhumeral amputation with, 402, 402t
Glenohumeral disarticulation. See Shoulder disarticulation
Glenohumeral flexion
humerus length and, 260–261
for shoulder disarticulation harness, 173, 174f
for transhumeral harness, 167–168, 167f, 268–269, 268f
for transradial harness, 163–165, 164f, 165f
GLPP. See Graduated length prosthetic protocol
Goal Attainment Scale, 424
Golf, prostheses for, 369–370, 369f, 370f
Graduated length prosthetic protocol (GLPP), 636–637, 636f, 637f
Greifer DMC VariPlus, 181, 182f
Greifer terminal device, 237f
Grip 3 voluntary-closing terminal device, 143, 144f
Gripping surfaces, of voluntary-opening hooks, 142
Grip strength
of active prehensor devices, 140–141
of body-powered hands, 144–145
after double ray amputation, 206
after single ray amputation, 203
Gritti-Stokes amputation, 513, 532, 533f
Grooming, without prostheses, 734, 734f
Ground reaction forces (GRF), 76, 77f
Ground reaction force vector (GRFV), 432
Growing skeleton, 754–756, 755f, 756f
Growth management
in children, 779–780, 779f, 780f
with prostheses, 869–870, 870f, 903, 903f
Growth plates

amputations and, 754, 772, 772f
arrest of, 780
Guillotine amputations, 221–222
Gymnastics, prostheses for, 367, 367f, 368f

H
Hair, for aesthetic prostheses, 385, 386f
Half-and-half socket, 260, 302
Hallux prosthesis, ancient, 11, 11f
Hamanishi classification, 890, 890f
Hand abnormalities, with longitudinal congenital deficiencies of tibia,
875
Hand amputation. See Partial hand amputation
Hand dominance retraining, 355
Handihook, 216, 216f
Hand prostheses. See also Partial hand prostheses
aesthetic, 382, 384f
body-powered, 143–145, 144f
evolution of, 13, 14f
externally powered
anthropomorphic single degree of freedom, 180–181, 180f, 181f
function of, 180, 180f, 181f, 182f
multiple degrees of freedom, 181–184, 182f, 183f
nonanthropomorphic prehensors, 181, 181f, 182f
voluntary-closing, 145–146, 145f, 146f
voluntary-opening, 145, 145f
Hands
congenital deficiencies of
amniotic rupture sequence, 850–851
classification of, 844–846, 845t, 846f
clinical presentation of, 844
effects of, 844
kinesiology and, 843–844
management timing for, 852–853
polydactyly, 851–852, 851f, 852f
response to, 843
short transradial amputation for, 852
symbrachydactyly, 846–848, 847f, 848t, 849f

syndactyly, 848–850, 850f
wrist disarticulation, 852
functions of, 213
kinesiology of, 193–194, 843–844
fingers, 108–110, 108f, 110f
functional activities, 111–112
thumb, 110–111, 111f, 112f
prehension with, 23–24
sensation with, 23–24
Hand transplantation
complications with, 414–415
at distal forearm level, 412–413, 412f
donor procurement for, 411, 411f
ethics of, 410
evolving issues with, 415–416
goals of, 409, 410f
Hand Transplant Scoring System, 415
history of, 409–410
immunotherapy for, 414
indications for, 410
at midforearm level, 413, 413f
outcomes with, 415
postoperative care for, 414
at proximal forearm level, 413
rejection, 414–415
screening for, 410–411
technique for, 411–412
at transhumeral level, 413–414
Hanspal Socket Comfort Score, 424
Hard sockets, for transfemoral prostheses, 541–542, 541t
Harness. See also Figure-of-8 harness system; Transhumeral harness;
Transradial harnesses
for bilateral upper limb prostheses, 303, 303f, 304f
with distal strap, 166, 166f
figure-of-9, 166, 166f, 167f
Michigan roller, 166, 166f
options for, 236, 237f
for shoulder prostheses, 290

shoulder saddle, 165, 165f
Harness center point, 162–163, 164f
HCR. See High consistency rubber
Health status, effects on return to work, 740, 742
Heat rash, 681–683, 683f
Heavy-Duty Outside Locking Hinge, 154f
Heel height, adjustable, 441, 441f
Heel pad
with ankle disarticulation, 480–481
stabilization of, 7
Heel rise
excessive, 85
premature, 83, 89
Helix 3D hip joint system, 568, 568f, 917
Hemipelvectomy
application of, 557
complications with, 561
hip disarticulation compared with, 912–913, 913f
indications for, 555–556
in pediatric patients
anatomic considerations for, 909
classification for, 910–911
terminology for, 910
in very young children, 911, 911f
physical therapy for, 612–613
postoperative care for, 561
preoperative planning for, 556
rehabilitation for, 561
surgical technique for, 557–561, 558f, 559f, 560f
Hemipelvectomy prostheses
alignment of, 570, 570f
evaluation of, 565–566
gait biomechanics for, 570–572, 571f, 572f
interface for, 569–570
pediatric
biomechanics and alignment of, 912
casting for, 914–915
considerations for, 913–915, 914f

design of, 915–917, 915f, 916f
management of, 911–912
use of, 565
Heterotopic ossification (HO), 672
excision of, 714, 715f
with transradial amputation, 225–226
with transtibial amputation, 489
High consistency rubber (HCR) silicone socket
for bilateral upper limb prostheses, 302, 302f
clinical considerations for, 322, 322f
fabrication process of, 321, 321f
for shoulder prostheses, 289, 290f
variants of, 321–322
“High shoulder,” 279, 280f
Hills, ambulation techniques, 614–615
Hindfoot-level amputations, 457–459
ankle disarticulation compared with, 476
Hinges
for elbow prostheses
for bilateral amputee, 306
inside-locking, 153–154, 154f, 155f
outside-locking, 153, 153f
for transradial prostheses
bilateral, 302
flexible, 151, 151f
rigid, 151–153, 152f, 153f
Hip
dislocation of, 933
dysplasia of, 875
sagittal kinematics and kinetics of, 72f, 75–76
Hip disarticulation
complications of, 557
for congenital transverse deficiency, 860
functional outcomes in children of, 806t
hemipelvectomy compared with, 912–913, 913f
history of, 7
indications for, 555–556
in pediatric patients

anatomic considerations for, 909
classification for, 909–911
terminology for, 909–910
physical therapy for, 612–613
preoperative planning for, 556
rehabilitation for, 561
surgical technique for, 556–557, 557f
Hip disarticulation prostheses
alignment of, 570, 570f
bilateral, 637
components for, 566–568, 567f, 568f
evaluation of, 565–566
evolution of, 17
gait biomechanics for, 570–572, 571f, 572f
interface for, 568–569, 569f, 570f
pediatric
biomechanics and alignment of, 912
casting for, 914, 914f
considerations for, 913–915, 914f
design of, 915–917, 915f, 916f
management of, 911–912
use of, 565
Hip joints, for hip disarticulation prostheses, 567–568, 567f, 568f
HO. See Heterotopic ossification
Hockey, prostheses for, 373, 374f
HOLO system. See Hook-and-loop suspension system
Holt-Oram syndrome, 753, 823–824, 954
Home
assessment of after amputation, 354
modifications of after amputation, 736
Hook-and-loop suspension (HOLO) system, 498
Hook terminal devices
for bilateral amputee, 304, 305f
tension, 142, 142f
voluntary-closing, 143, 144f
voluntary-opening, 141–143, 142f, 143f, 144f
Hook-to-hand adapter cable, 143
Horner syndrome, 393, 393f

Hosmer constant-friction wrist mechanism, 148f
Hosmer flexion assistance mechanism, 155f
Hosmer Outside Locking Hinge, 154f
Hospital Anxiety and Depression Scale, 720
Humeral neck amputation, prostheses for, 287, 287f
body-powered, 294
silicone interface for, 324–325, 326f
Humeral rotation, 307, 307f
Humeral sealing sleeve, 239, 239f
Hybrid configurations
of elbow prostheses, 187
of knee prostheses, 440
recreational, 627, 627f
shin-ankle-foot, 433–434, 434f, 435f
for shoulder-level prostheses, 292t, 294, 294f, 295f
training for, 356
of upper limb prostheses, 178
of upper limb provisional prostheses, 319
Hydraulic ankles, 17–18, 434–435, 435f
Hydraulic hip joints, 567–568, 568f
Hydraulic knee joints
evolution of, 17
for osseointegration, 588
Hydrofiber dressings, 33, 34f
Hygiene
dermatologic issues and, 678, 679f
without prostheses, 734, 734f
Hyperhidrosis, 692–693
Hypermobile myoplasty, 712–713, 713f
Hypodactyly, 846

I
IADLs. See Instrumental activities of daily living
ICD. See Irritant contact dermatitis
ICOR. See Instantaneous center of rotation
ICRC. See International Committee of the Red Cross
I-limb digit, 216, 216f, 217f
I-limb quantum hand, 182–184, 183f, 216

Immediate postoperative prostheses (IPOPs), 32, 600–601
fitting for, 36–37, 36f
Immunotherapy, for hand transplantation, 414
Impression techniques, for hip disarticulation prostheses, 568–569, 570f
Index pollicization, 210
Index ray amputation, 203–204, 205f
Infants
partial hand prosthesis for, 832–833
physical therapy for, 805–808, 808f
prosthetic assessment, 783–784
shoulder disarticulation prostheses for, 840
transhumeral prostheses for, 838
transradial prostheses for, 835–836, 836f
wrist units for, 833
Infection
acquired limb deficiency with, 767t
hip disarticulation and hemipelvectomy for, 555
limb salvage for, 46–48, 47f, 48f, 48t, 49f
Charcot neuroarthropathy, 51, 54f
with diabetes, 50–51, 53f
physiologic reserve and comorbidities, 51–52
in upper limb, 48, 50f, 51f, 52f
with osseointegration, 576
partial foot amputation for, 947, 947f
in residual limb, 708–709
of skin, 683–684, 684f, 685f
transfemoral amputation for, 529, 529f
Initial contact phase of gait, 88, 91, 570, 571f
Initial swing phase of gait, 93, 572, 572f
Innervation, for myoelectric signals, 199
Inside-locking hinges, 153–154, 154f, 155f
Insoles, 464–465, 465f
Instantaneous center of rotation (ICOR), 437, 438f
Instrumental activities of daily living (IADLs), occupational therapy
and, 784
Integral system, for skeletal anchorage, 583
Intelligent Prosthesis, 430
Intercalary amputation, 66, 66t

Intercalary deficiencies, 858, 858f, 859f
Intercalary shoulder resections, 280, 281f
International Committee of the Red Cross (ICRC), 129–134, 130f, 131f,
132f, 133f
International Society for Prosthetics and Orthotics (ISPO), 21
International Transradial Adjustable Limb, 157, 157f
Interphalangeal thumb disarticulation, 208–210, 211f
Interscapulothoracic amputation. See Forequarter amputation
Intersegmental congenital deficiency, 756f, 757
classification of, 815, 816f–817f
clinical features of, 815, 818, 818f
hip disarticulation and hemipelvectomy for, 911
management of, 818–820, 819f
prevalence of, 954
prostheses for, 820
Intertrigo, 681, 683f
In-theater care, for wartime amputations, 121
Intraclass correlation coefficient (ICC), 646
Intraosseous Transcutaneous Amputation Prosthesis, 576, 583
Intraplexal nerve transfers for BPI, 396–397, 397f, 398f
IPOPs. See Immediate postoperative prostheses
Irritant contact dermatitis (ICD), 678–679, 680f
Ischial containment socket, 17, 542–544, 543f
ISPO. See International Society for Prosthetics and Orthotics

J
Jaipur foot, 133–134, 133f
Jebsen-Taylor Test of Hand Function, 423, 424f
Joint impedance, of externally powered components, 179
of wrist units, 185
Joints. See also specific joints
contractures of, 709, 710f
disorders of, 700–701
mechanical, 178–179, 179f
pediatric amputation through, 770, 770f
function and, 771, 771f
Jones classification system, 874, 876f

K
Kalamchi and Dawe classification, 874–875, 876f
Kayaking, prostheses for, 372–373, 373f
Ketamine, for phantom limb pain, 669
Kinesiology
of elbow, 102–105, 105f
of externally powered prostheses, 194–195
of forearm, 105–106, 106f, 107f, 108f
of hands
fingers, 108–110, 108f, 110f
functional activities, 111–112
thumb, 110–111, 111f, 112f
of shoulder complex
in coronal plane, 97–101, 98f, 99f, 100f, 101f, 102f, 103f, 104f
rotatory capability of, 101f, 102, 105f
in sagittal and transverse plane, 101–102, 104f, 105f
of the upper limb, 97–113, 97f, 98f, 193–194, 843–844
of wrist, 106–108, 108f, 109f
Klippel-Trénaunay-Weber syndrome, 857, 943, 946
Knee
contractures of, 933
sagittal kinematics and kinetics of, 72f, 74–75
Knee disarticulation
alternatives to, 513, 513f
bilateral, 522–523, 781, 781f
complications with, 514
for congenital transverse deficiency, 859
functional outcomes in children of, 806t
history of, 8, 509
implications of, 518
for longitudinal congenital deficiencies of tibia, 877
outcome considerations for, 509–511, 510f, 511f
for pediatric patients, 779
physical therapy for, 612
polycentric knee for, 437–438, 438f
prevalence of, 517
rehabilitation for, 513–514
surgical technique for, 511–512, 513f

transfemoral amputation compared with, 511, 512f, 513, 513f
Knee disarticulation prostheses
alignment of, 523–524, 524f
anatomic suspension for, 519–521, 520f
benefits of, 517–518, 517f, 518f
components for, 518f, 519f, 522–523, 523f
disadvantages of, 518, 518f
implications of, 518
pediatric
in active child, 903–904, 904f
for congenital anomalies, 905, 905f, 906f
in growing child, 903, 903f
suspension systems for, 901–902, 902f, 903f
transition to adult components, 904–905, 904f
sockets for, 519
suction suspension sockets for, 521–522, 521f
suspension for, 519
Knee flexion contractures, 489, 511
Knee fusion, for femoral deficiency, 896, 897f
Knee laxity, 870, 870f, 871f
Knee prostheses
for bilateral amputation
positioning of, 638–639, 639f
selection of, 638, 638f
component selection for, 436t, 440, 441f
evolution of, 16–17
fluid-controlled, 439–440, 440f
for hip disarticulation prostheses, 566–567
hybrid, 440
infection of, 48, 51f
knee sagittal kinematics with, 72f, 75
in less-resourced setting, 129, 129f, 130f
manual locking, 438–439, 439f
mechanisms for, 435
microprocessor-controlled, 430
active propulsive, 447–448, 448f
passive, 445–446, 446f
for osseointegration, 588

overview of, 436t
for pediatric patients, 779, 780f
polycentric, 437–438, 437f, 438f
positional locking components for, 440, 440f
single-axis constant-friction, 435, 437f
stance-control knee, 435–437, 437f
with transfemoral prostheses, 549
Knee sleeve suspension, for transtibial prostheses, 497, 497f
Knee valgus, 883, 896
Knee-walker peg-leg, 7, 12–13, 12f
“Knee-walking,” 517
Krukenberg procedure, 243-247, 852
cosmetic appearance versus function in, 244–245, 243f, 247f
history of, 243
indications for, 243–244, 244f
purpose of, 243, 243f, 244f
surgical technique for, 245–246, 245f, 246f
therapy for, 246, 247f

L
Lack-of-formation deficiencies, 766
Land mines, injuries from, 6, 6f
Lanyard suspension system, 498, 498f
for hip disarticulation prostheses, 568, 569f
Lateral agility drills, 616
Lateral displacement test, 539, 540f
Lateral epicondylitis, 353, 353f
Lateral speed weave exercise, 617
Lateral trunk bending, 83, 85, 92
Lawnmower injuries, 855, 944–945, 944f, 945f
LEAP. See Lower Extremity Assessment Project
Leisure activity training, 358–359, 360f, 361f
Length. See also Limb length
of adaptive prostheses, 365, 365f
Leprosy, 4
Less-resourced settings (LRSs)
definition of, 125
human resources for, 126–127, 127f

policy and funding for, 126
prosthetic feet for, 129, 129f
prosthetic knees for, 129, 129f, 130f
prosthetic services in, 125–126
prosthetic systems for, 129–134, 130f, 131f, 132f, 133f
prosthetic technologies in, 127–129, 128f, 129f
Lichenification, 685–686, 686f, 690
Life-care planning, for upper limb amputees, 361
Limb deficiencies. See also Congenital deficiencies; Upper limb
deficiency
acquired, 767t
associated anomalies, 954
bilateral, 781, 781f
etiology of, 751–754, 754f, 765–767, 766t, 767t
incidence of, 777, 777f
intercalary, 858, 858f, 859f
locomotor system development and, 761
multiple, 773–774
acquired, 954
congenital, 953–954
pediatric, 953, 953f
special needs of, 954–957
physiology of, 756
psychological and lifestyle issues with, 756
teratogenic causes of, 761
terminology for, 767–768, 768f, 954
types of, 751
unilateral transradial
active prosthesis for, 786–790, 787f, 788f, 789f, 790f
functional activity training for, 792, 792f
passive prosthesis for, 785–786, 785f
prosthesis considerations for, 784–785
subsequent prosthesis for, 790–791
training progression with, 791–792, 791f
Limb development, 751, 752f, 753f, 759–761, 760f
Limb heating, gel liners and, 495
Limb length
with ankle disarticulation, 480

bilateral lower limb prostheses and, 636–637, 636f, 637f
externally powered prostheses and, 177
with knee disarticulation, 521, 521f
Krukenberg procedure and, 244, 244f
osseointegration and, 585
pediatric amputation and, 769
preservation of, 771–772, 772f
preservation of maximum, 222
in rotationplasty, 921
surgical management of, 810
for fibular deficiency, 867–869
for longitudinal congenital deficiencies of tibia, 879
suspension and, 756, 756f
for targeted muscle reinnervation, 330–331
for transfemoral amputation, 525, 526f
for transhumeral amputation, 249, 251
Limb paralysis, transhumeral amputation for, 258
Limb perfusion assessment
for ankle disarticulation, 474
for partial foot amputation and disarticulation, 453–454
Limb salvage
amputation compared with, 25
arterial injury and, 54–55, 55f
in children
adults compared with, 61–64, 62t
for burn injuries, 65–66
improvements in, 61
peripheral vascular disease and, 62–64
for purpura fulminans, 65
surgical technique for, 66, 66t
for trauma, 64–65
for tumors, 65
for fibular deficiency, 868–869
functional potential and, 46, 55–56
for infection, 46–48, 47f, 48f, 48t, 49f
Charcot neuroarthropathy, 51, 54f
with diabetes, 50–51, 53f
physiologic reserve and comorbidities, 51–52

in upper limb, 48, 50f, 51f, 52f
medical comorbidities and, 41–42, 42t
multidisciplinary resources for, 46, 56–57
nerve injury and, 44–46, 45f, 46f, 47f
neurologic status in, 55
pediatric prostheses for, 887
peripheral vascular arterial disease and, 42–44, 43t, 44f, 44t
children and, 62–63
physiologic reserve and, 41–42, 42t
physiologic reserve and medical comorbidities for, 54, 55f, 56f, 57f
principles of, 41
psychological condition and, 45
quality of life and, 46, 55–56
rotationplasty for
for malignant tumors, 924
rehabilitation of, 926
surgical technique for, 924–926, 925f, 926f, 927f, 928f, 929f
shoulder-level, 279–280, 280f, 281f
claviculectomy, 283–284
scapulectomy, 283, 283f
Tikhoff-Linberg resection, 271–272, 280–283, 282f
for tumors, 52–54, 55f
in children, 65
vascular status for, 42, 43f
Limbs International Knee, 129, 129f, 130f
Linear potentiometer, 197, 197f
Lisfranc disarticulation, 457
ankle-foot orthoses for, 464f, 465–466, 466f
for congenital transverse deficiency, 858
dorsiflexors and, 945, 945f
Littig hip, 916–917, 916f
Littlewood technique, 275, 276f, 277f
Load bearing
of adaptive prostheses, 364–365
after lower limb amputation, 25–26, 26f
of osseointegration, 586
Loading response phase of gait, 88, 91, 570–571, 571f
Lobster claw hand deformity of upper limbs, 873

Lock Grip Voluntary Opening Hand, 145f
Locking Humeral Rotator adapter, 187
Locking-liner suspension, for transtibial prostheses, 497–498, 498f
Locking mechanism, of terminal device, 141, 141f
Locking Shoulder Joint, 156f, 157, 307, 307f
Locking wrist units, for bilateral amputee, 305
Locomotor systems, development of, 761–763, 761t
Longitudinal congenital deficiencies, 754, 757, 757f, 766t
ablations for, 856–857
bilateral, 768, 768f
femoral, pediatric prostheses for, 885–886
of fibula, 865, 866f
associated abnormalities of, 865
classification of, 866–867, 867t
clinical findings of, 867, 867f
etiology of, 865
incidence of, 865
presentations of, 865, 866f
prosthetic considerations for, 869–871, 870f, 871f
treatment of, 867–869, 868f
of foot, 948–949, 949f
radial, 823–826, 824t, 825f, 825t, 826f
of tibia, 873
abnormalities associated with, 875–876
classification of, 874–875, 876f
clinical presentation of, 873, 874f
etiology of, 876
foot abnormalities with, 875, 876f
history of, 873–874
incidence of, 873
surgical planning for, 876–877, 877f
treatment options for, 877–879
ulnar, 826–828, 827t, 828f
Low back pain, 699–700
Lower Extremity Assessment Project (LEAP), 23
Lower limb amputation. See also Bilateral lower limb amputation;
specific limbs
load transfer and weight bearing with, 25–26, 26f

physical therapy for. See Physical therapy
postoperative evaluation for, 598–599
preoperative care for, 597–598
targeted muscle reinnervation for, 335, 348, 348f
vocational activities with, 739–742
Lower limb prostheses. See also Bilateral lower limb prostheses; specific
limbs
active, 430
aesthetic, 383–385, 385f, 386f
ankle-foot mechanisms, 430–435, 431t
categorization of, 430, 430t
classification of, 429–430
components of, 429
force generation for, 430
hybrid shin-ankle-foot components, 433–434, 434f, 435f
hydraulic ankles, 434–435, 435f
knee mechanisms for, 435–438
mechanically passive, 429
microprocessor-controlled, 429–430, 445–449
pediatric fittings of, 777–778, 778f
for bilateral deficiencies, 781, 781f
positional locking components for, 440, 440f
vocation and, 740
Lower limbs. See also specific limbs
alignment of, 526–527, 526f, 527f
postaxial deficiency of, 865
LRSs. See Less-resourced settings
Lumbosacral agenesis
classification of, 934–935, 935f
deficiencies with, 933, 934f
etiology of, 934
orthopaedic management of, 935–937
prevalence of, 934
severity of, 933, 934f
treatment for
case study of, 938, 939f, 940f
orthotic management, 937, 937f
patient evaluation for, 937

prosthetic management, 937–938
Lyre-shaped hook design, 141, 142f
for bilateral amputee, 304

M
Macrodystrophia lipomatosa, 946, 946f
Magnetic suspension system, 498
Malawar classification system, 280, 281f
Malignant tumors
rotationplasty for, 924
of skin, 689–690
Manual Elbow, 154, 155f
Manual locking knee, 436t, 438–439, 439f
in International Committee of the Red Cross system, 131, 131f
Marginal necrosis, 707–708, 708f
Marjolin ulcer, 690
Marlo Anatomical Socket, 543–544
Marquardt angulation osteotomy, 258, 259f, 268, 268f
Martial arts, prostheses for, 376–377, 376f
Maternal nutritional deficiencies, 752–753
Mauch Swing and Stance knee, 439, 440f
Medial displacement test, 539–540, 540f
Medial window sockets, 482, 482f
Meningococcal septicemia, 632, 633f, 856, 857f, 947, 947f, 954
Mental status, physical therapy and, 598
Metacarpophalangeal thumb disarticulation, 210–211
M-fingers, 160, 160f, 215–216, 215f, 216f
partial, 159f, 160, 215–216, 215f, 216f
Michelangelo hand, 183, 183f, 200
Michigan roller harness
in transhumeral applications, 170
in transradial applications, 166, 166f
Microprocessor-controlled prostheses (MCP), 429–430
active mechanisms
foot-ankle, 446–447, 447f
knee, 447–448, 448f
knee-foot-ankle, 448, 448f
for bilateral amputation, 638, 638f

evolution of, 18
gait improvement with, 69
myoelectric control of, 448–449
passive prosthetic mechanisms
foot-ankle, 446, 446f
knee, 445–446, 446f
terminology for, 445
Middle finger ray amputation, 203–204, 206f
Midforearm flexion, 305, 306f
Midforearm-level hand transplantation, 413, 413f
Midstance phase of gait, 89, 92, 571, 571f
Midswing phase of gait, 93, 572, 572f
Minimal clinically important difference (MCID), 647–648
Minimal detectable change (MDC), 647–648
Minnesota split-hand prosthesis, 160, 161f
Mirror hand abnormality, 852
Mirror therapy, 353, 353f, 671, 671f
Misoprostol, 761
Mobility
activities of daily living and, 76–77
bed, 599
knee disarticulation and, 510, 510f
partial foot amputation and, 467
training for, 358–359, 360f, 361f
Modified Swanson/IFSSH classification, 844, 845t
Moisture management, 505–506
Morphine, 670
Morph system, 182–183, 183f
Moseley prosthesis, 887
Motion Control ProHand, 184f
Motion Control ProPlus hand, 181
Moto Knee, 626, 626f
Motorcycling, prostheses for, 376
Motor skills
pediatric amputation and, 765
training for, 355
Motor vehicle injuries, in pediatric amputation, 945–946
Mountaineering, prostheses for, 374, 374f

Movement quality, of externally powered components, 179
Movement skills, training for, 355
MovoShoulder Swing joint, 156f
MovoWrist Flex, 150, 150f
M-thumb prosthesis, 324f
Muenster socket, 238, 238f
Multiarticulated hands
externally powered, 181–184, 182f, 183f
control strategies for, 198–199
targeted muscle reinnervation with, 344
pattern recognition with, 347
Multiaxial ankle-foot, 432–433
dynamic elastic response foot with, 434, 435f
for hip disarticulation prostheses, 566
Multidirectional turns, 615–616
Multi-Flex Wrist, 184f
Multifunction wrist units, 151, 151f
Multiple linkage polycentric knee, 438, 438f
Muscles
in hand transplantation, 412–414
with Krukenberg procedure, 246
myoelectric signals and, 194–195, 195f
innervation for, 199
TMR, recovery period, 340
in transfemoral amputation, 527
in transhumeral amputation, 258–259, 259f
in upper limb amputation, 222
in wrist disarticulation, 223, 224f
Musculoskeletal complications, 603–604, 699
Musculoskeletal Tumor Society (MSTS), shoulder girdle resection
classification, 272, 272f
Musical instruments, prostheses for, 377, 377f
MyoBoy tester, 787–788, 788f
Myodesis
failure of, 709–710, 710f
history of, 8
myoplasty compared with, 222
targeted muscle reinnervation and, 342

in transfemoral amputation, 528, 530–532, 531f, 532f
in transhumeral amputation, 249, 253, 254f
in transtibial amputation, 487, 487f
in wrist disarticulation, 223, 224f, 227f
Myoelectric prostheses. See also Targeted muscle reinnervation
assessment of capacity for, 422
for bilateral amputee, 303, 304f, 309–310
bus signal transmission for, 200
dual-input strategies for, 195–196
early, 234–235
force-sensing resistors, 197, 198f
force transducers (servos) for, 197
immediate, 234–235
internal electrodes for, 199–200
microprocessor-controlled and, 448–449
for multiarticulated hands, 198–199
muscle innervation for, 199
nonproportional electric switches for, 197–198
for partial hand amputations, 217–218, 218f
pattern recognition for, 199
for pediatric patients, 787–788, 788f
potentiometers for, 196–197, 197f
proportionally controlled input sources for, 196
signal for, 194–195, 195f
single-input strategies for, 196, 197f
terminal devices for, 356, 357f
training for, 355–356
variables for, 195
MyoHand VariPlus Speed, 181f
Myoplasty
history of, 8
hypermobile, 712–713, 713f
myodesis compared with, 222
targeted muscle reinnervation and, 342
in transfemoral amputation, 528
in transhumeral amputation, 249
in transtibial amputation, 487
in wrist disarticulation, 223, 224f, 227f

Myotesting, principles of, 340, 341f

N
N-Abler wrist unit, 151, 151f, 366, 377, 377f
Naked Prosthetic Finger, 215, 215f
Necrosis, marginal, 707–708, 708f
Necrotizing fasciitis, 632
Negative-pressure hyperemia, 685, 686f
Negative-pressure wound dressings, 32, 32f, 33f, 121, 122f
Negative-pressure wound therapy, 944
Neoplasms. See also Tumors
amputation for, 856, 857f
hip disarticulation and hemipelvectomy for, 910
partial foot amputation for, 947–948
Nerves
grafting of, 395–396
in hand transplantation, 412–414
injury of, 44–46, 45f, 46f, 47f
for myoelectric signals, 199
repair of, 395
in upper limb amputation, 222
Nerve transfers, 396–397, 396f, 397f, 398f
Neurofibromatosis, 946
Neurogenic pain, 710–711
Neurologic impairment, multiple limb loss with, 812
Neurolysis, 395
Neuromas
formation of, 666, 672, 689, 710
management of, 711, 711f
painful, 226
prevention of, 710–711
resection of, 672
TMR for management of, 335–336, 336f
Neuropathic pain, 666
Niagara foot prosthesis, 129, 129f
Nitrile-lined fingers, 142, 142f
N-methyl-D-aspartate (NMDA) receptors, 667, 669
Nociceptive pain, 666
Nonanthropomorphic prehensors, with single degree of freedom,

externally powered, 181, 181f, 182f
Nonspecific eczematization, 680
Northwestern dual-ring harness, 237f
Northwestern transradial socket, 238, 239f
Nudge control units, 157, 157f, 173, 173f
Nutritional deficiencies, 752–753

O
Oberg, Manske, and Tonkin (OMT) classification scheme, 815,
816f–817f, 844–845, 845t
Obesity, amputations and, 699
Observational gait analysis. See Gait
Occupational therapy
for children
with acquired deficiency, 798–799
assessment for, 783–784, 784t
bilateral upper limb deficiency, 796–798, 796f, 797f, 798f
without prosthesis, 799–800, 799f, 800f
prosthetic choices for, 783
transcarpal and partial hand deficiencies, 795–796, 796f
with unilateral transhumeral and shoulder disarticulation deficiency,
792–795
with unilateral transradial deficiency, 784–792
postprosthetic, 357–358, 360f
Odyssey Ankle, 447, 447f
OMT classification scheme. See Oberg, Manske, and Tonkin
Operations Iraqi and Enduring Freedom, 120–121
Opioids, for phantom limb pain, 670
Oppositional restoration prostheses, 291t, 292–293, 293f
Opposition prostheses
for partial hand amputation, 214, 215f
silicone interface for, 323, 324f
OPRA implant system, 576, 581
OPUS. See Orthotics Prosthetics User Survey
Orientation training for balance, 607, 607f, 608f
Orthotics Prosthetics User Survey (OPUS), 425, 650–652, 650t–651t
Osseointegrated implants
definitions for, 583–584

for fingers, 381
for thumb, 211, 382, 382f
Osseointegration
assessment and preparation for, 584–585
background of, 575–576, 583
Brånemark system for
background of, 576–577, 577f, 583
clinical management of, 577–578
postoperative management for, 580–581
preoperative preparation for, 578
surgical procedure for, 578–580, 580f, 581f
components of, 583, 584f
definitions for, 583–584
early rehabilitation for, 586–587, 586f, 587f
history of, 575
outcomes of, 575–576
Osseointegration prostheses
ankle-foot prostheses for, 589
complications with, 592–593, 592f
definitions for, 583–584
full-length, 587–589
gait training for, 589–591, 589f, 590f
interface for, 587–588, 588f
knee joints for, 588
maintenance of, 592–593, 592f
outcomes with, 593, 593f
rehabilitation for, 591–592, 591f
shock adapter for, 589
short training, 586–587, 587f
torsion adapter for, 588–589
Osteoarthritis, 604, 700–701
Osteomyelitis, 47–48, 48t, 49f, 50f
Osteopenia, 701, 715
Osteoporosis, 701
Osteosarcoma, 753
Osteosynthesis, 412–414
Osteotomy
de Luccia and Marino, 258, 258f

derotational humeral, 399–400
for elbow disarticulation, 250, 251f
for fibular deficiency, 868, 868f
for hand transplantation, 412–414
for polydactyly, 851
for symbrachydactyly, 848, 849f
tibial, 869
for transhumeral amputation, 251–252, 253f, 258, 259f, 268, 268f
Outcome measures, 419, 645
in lower limb prosthetics
for addressing altered healthcare environment, 657–658
for maximizing care, 658
patient-reported, 649–652, 650t–651t
performance-based, 652–657, 653t–655t, 657f
psychometric properties, 646–649, 647f, 648f
in upper limp prosthetics
categorization of, 419–420, 420f, 421t–422t, 423t
development of, 419
discussion of, 425
highlights of, 420, 422–425
Outside-locking hinges, for elbow disarticulation or transhumeral
amputation, 153, 154f
Overuse syndrome
in residual limb, 353
shoulder prostheses and, 290

P
Paddling, prostheses for, 372–373, 373f
Pain. See also Postamputation pain, Phantom limb pain
with congenital transverse deficiency, 860
epidemiology of, 666
low back, 699–700
mechanism of, 666–667, 667f
neurogenic, 710–711
psychological distress and, 723
reduction of, 352–353, 353f
screening for, 724, 724t
after transfemoral amputation, 533

after transtibial amputation, 489
after upper limb amputation, 226
Palmar pinch, 844
PALS program. See Promoting Amputee Life Skills program
Paralympic Games, 621
Paresthesias, 666
Partial foot amputation (PFA). See also Foot disarticulation
application of, 453
benefits of, 943–944
complications with, 459, 463
hindfoot-level, 457–459
imaging for, 454
interventions for, 464–466, 464f, 465f, 466f
clinical implications of, 467–468
effectiveness of, 466–467
levels of, 453, 454f, 463, 464f
metabolic and nutritional status for, 454
nontraumatic injuries, 946–949
pediatric prostheses for
congenital limb presentation, 883
traumatic amputation, 883
preoperative evaluation for, 453–454
ray resection, 455, 455f
rehabilitation for, 459
results of, 943
surgical considerations for, 455
transcalcaneal, 458–459
transmetatarsal, 455–457, 456f
traumatic injuries, 944–946
Partial foot deficiencies
acquired, 943
congenital causes of, 948–949
etiology of, 943
general principles of treatment, 943–944
nontraumatic injuries, 946–949
prostheses for, 949–950, 950f
traumatic injuries, 944–946
Partial hand amputation

considerations for, 203
double ray, 204–206, 209f, 210f
presentations of, 213, 214f
single ray, 203–204, 205f, 206f, 207f, 208f
thumb, 207–208
interphalangeal, 208–210, 211f
metacarpophalangeal, 210–211
transmetacarpal, 206–207
Partial hand prostheses
adaptive, 377, 377f
aesthetic, 382, 383f
for bilateral amputee, 310–311, 310f, 311f
for children, 795–796, 795f, 796f
component considerations for
activity-specific, 214–215, 215f
aesthetic restoration, 214, 215f
body-powered, 215–216, 215f, 216f
externally powered, 216–217, 216f, 217f
opposition prostheses, 214, 215f
control of, 217–218, 218f
design of, 218, 218f
M-fingers, 160, 160f, 215–216, 215f, 216f
Minnesota split-hand, 160, 161f
options for, 213, 214f
pediatric, 832–835, 833f, 834f, 835f
silicone interface for, 323, 323f, 324f
traditional harnessing for, 160–161, 161f
Partial M-fingers, 159f, 160, 215–216, 215f, 216f
Passive friction elbow, 153, 154f
Passive hands, 140, 140f
Passive oppositional restoration prostheses, 291t, 292–293, 293f
Passive prostheses
mechanically, 429
microprocessor-controlled
foot-ankle, 446, 446f
knee, 445–446, 446f
for unilateral transhumeral and shoulder disarticulation deficiency,
792–793

for unilateral transradial deficiency, 785–786, 785f
for upper limb, 317–318
Passive terminal devices, 139–140, 140f
Passive trunk rotation, 612, 612f
Patellar tendon–bearing (PTB) prosthesis, 13, 17
Patellar tendon–bearing (PTB) socket, 17, 500, 500f
Patient-reported outcome measures, 649–652, 650t–651t
Patient-Specific Functional Scale, 424
Pattern recognition, 199, 310
with targeted muscle reinnervation, 346–347, 347f
Pediatric amputation
adults compared with, 765
ankle disarticulation compared with Boyd amputation, 772–773
background for, 765
congenital tibial pseudoarthrosis, 773
general principles of, 855, 855t
with multiple limb deficiencies, 773–774
nontraumatic, 946–949
surgical planning for, 768–770
surgical principles of, 770–772, 770f, 771f, 772f
terminology for, 767–768, 768f
traumatic, 944–946
upper limb deficiencies, 772
Van Nes rotationplasty, 773, 774f
Pediatric hand deficiencies, 144, 144f, 843–853, 846f, 847f, 849f, 850f,
851f
Pediatric patients. See also Adolescents; Children; Infants
bilateral upper limb prostheses and, 300, 301f
elbow disarticulation in, 258
Krukenberg procedure and, 244
myoelectrode site selection for, 787–788, 788f
Pediatric physical therapy
in adolescents, 810–811
in elementary years, 809–810, 810f
functional outcomes with, 805, 805t
goal of, 803–804
infants, 805–808, 808f
for multiple limb loss, 812

postoperative considerations for, 804–805, 805f
progress of, 803
sports and recreation for, 811–812, 812f
terminology for, 803
toddlers, 808, 809f
in young children, 808–809
Pediatric prostheses, 777, 777f
in adolescents, 810–811
alignment for, 881–882
angular deformities and, 780–781, 780f
for ankle disarticulation
congenital limb presentation, 885
for traumatic amputations, 883–884
bony overgrowth with, 780, 780f
for Boyd amputation
congenital limb presentation, 885
for traumatic amputations, 883
component considerations for, 887–888
for congenital limb presentations, 884–887
early suspension for, 901–902, 902f, 903f
in elementary years, 809–810, 810f
for fibular deficiency, 885
foot function with, 881–882
gait deviation and skeletal asymmetry with, 882–883
growth management for, 779–780, 779f, 780f
for infants, 807–808, 808f
knee, 779, 780f
in active child, 903–904, 904f
for congenital anomalies, 905, 905f, 906f
in growing child, 903, 903f
suspension systems for, 901–902, 902f, 903f
transition to adult components, 904–905, 904f
limb salvage rotationplasty, 887
for longitudinal femoral deficiency, 885–886
lower limb fittings for, 777–778, 778f
for bilateral deficiencies, 781, 781f
Moseley prosthesis, 887
for partial foot amputation

congenital limb presentations, 884–885
traumatic amputation, 883
for rotationplasty, 886–887
for tibial deficiency, 885
timing of, 901
for toddlers, 808, 809f
for transtibial amputation, 884
for traumatic amputations, 883–884
upper limb
bilateral shoulder disarticulation, 840–841
for digital absence, 832
fittings for, 778–779, 779f
general considerations for, 831–832
for partial hand, 832–835, 833f, 834f, 835f
shoulder disarticulation level, 840, 841f
transhumeral level, 838–839, 838f, 839f
transradial level, 835–838, 836f, 837f, 838f
for wrist disarticulation, 832–835, 833f, 834f, 835f
for young children, 808–809
Peer support, 725–726, 735
Peg-leg, knee-walker, 7, 12–13, 12f
Pelvic motion, 608–609
PEQ. See Prosthesis Evaluation Questionnaire
Perceptual motor skills, 354
Performance-based outcome measures, 652–657, 653t–655t, 657f
Peripheral nerve stimulation, 673
Peripheral vascular disease (PVD), 42–44, 43t, 44f, 44t, 631–632,
697–698
amputation for, 62–63
in children, 62–63
PFFD. See Proximal femoral focal deficiency
Phantom limb pain, 665–666
with congenital transverse deficiency, 860
generation of, 666–667, 667f
reduction of, 353, 353f
Phantom limb sensations
in adolescents, 811
with congenital transverse deficiency, 860

with shoulder-level amputation, 279
after transfemoral amputation, 533
Phocomelia. See Intersegmental congenital deficiency
Physical therapy. See also Pediatric physical therapy
functional outcome instruments for, 599–600
gait-training skills, 608–609
advanced, 613–617, 613f, 614f, 616f, 617f
immediate postoperative treatment, 600–602, 601f
patient education, 602–604
postoperative evaluation for, 598–599
pregait training, 607–608, 607f, 608f
preoperative care for, 597–598
preprosthetic exercises, 604–607, 604f, 606f
Prosthetic Gait Training Program, 609–612, 610f, 611f, 612f
for rotationplasty, 809–810
steps of, 597
variations of, 612–613
Physiologic stress, limb salvage and, 45
Pin and shuttle lock suspension system, 497–498, 498f
Pinch forces
of active prehensor devices, 141
of body-powered hands, 144–145
Pirogoff amputation, 458
ankle disarticulation compared with, 476
Plantar pressure distribution, 467
Pneumatic knee, 436t, 439–440, 440f
Pneumatic postamputation mobility (PPAM), 34, 37
Poland syndrome, 847
Pollicization
index, 210
thumb, 213
Polycentric hinges, 152, 152f
Polycentric knee, 436t, 437–438, 437f, 438f
evolution of, 14, 14f
for knee disarticulation, 518f, 519f, 522–523, 523f
with locking mechanism, 439, 439f
Polydactyly, 850f, 851–852, 851f, 852f
Polyethylene terephthalate hinges, 151f

Polymer batteries, 179–180, 179f
Popliteal fossa tumor, 43f
Positional locking components, knee, 440, 440f
Positional rotation units, transfemoral prostheses, 549
Positioning exercises, in infants, 807
Postamputation neuromas, TMR for management of, 335–336, 336f
Postamputation pain
assessment of, 667–668, 668f
categories of, 665
definitions for, 665–666
epidemiology of, 666
future directions for, 673
mechanism of, 666–667, 667f
treatment of
complementary and alternative medicine therapies, 671, 671f
interventional techniques, 671–672
pharmacologic therapies, 669–671
preemptive, 668–669
strategies for, 668, 669f
surgical treatments, 672–673
Postaxial deficiency of lower limb, 865
Postaxial polydactyly, 852
Posterior vascular access forequarter amputation, 275, 276f, 277f
Posterior window sockets, 482, 483f
Postganglionic BPI, 393
Postoperative amputation management
ambulation, 602
amputation responses during, 721t
compressive dressings for, 33–34, 34f, 35f
dressing for, 31–33, 32f, 33f, 600–601
general principles for, 600
immediate, 352–353, 352f, 353f
positioning, 601, 601f
protective dressings for, 34–37, 35f, 36f
of residual limb, 31
transfers, 601
wheelchair propulsion, 601–602
Postoperative pneumatic systems, 37

Posttraumatic stress disorder (PTSD)
factors related to, 723
prevalence of, 720–722
screening for, 724, 724t
Potentiometers, 196–197, 197f
Powered finger prostheses, 216–217, 217f
Power generation, upper limb prostheses, 163–164, 164f
POWER KNEE, 430, 448, 448f
Power prehension grasp, 843–844
Power source, for externally powered upper limb components, 179–180,
179f
with multiple degrees of freedom, 183
Preaxial polydactyly, 851, 852f
Precision prehension grasp, 843–844
Prefabricated prosthetic gloves, 146, 146f
Pregait training, 607–608, 607f, 608f
Preganglionic BPI, 393, 393t
Prehensor devices, 140–141, 141f
for bilateral amputee, 304
demonstration tools for, 178, 178f
externally powered
anthropomorphic single degree of freedom, 180–181, 180f, 181f
function of, 180, 180f, 181f, 182f
multiple degrees of freedom, 181–184, 182f, 183f
nonanthropomorphic single degree of freedom, 181, 181f, 182f
voluntary-closing (VC) hooks, 143, 144f
voluntary-opening (VO) hooks, 141–143, 142f, 143f, 144f
Premature heel rise, 83
Preparatory fitting, for externally powered upper limb components, 178
Preprosthetic exercises, 604–607, 604f, 606f
Preprosthetic therapy
hand dominance, 355
home assessment, 354
limb and core assessment and treatment, 353–354, 354f
perceptual motor skills, 354
self-care training, 354, 355f
sleep patterns, 355
support system, 354–355

timing of, 351–352
value of, 351
Preswing phase of gait, 90, 93
Prismatic joint, 179f
PRO CUFF, 377, 377f
ProDigits, 216
Promoting Amputee Life Skills (PALS) program, 597–598, 725–726
Proprio ankle/foot system, 430
Prostheses. See also Pediatric prostheses; specific types
care of, 603
development of, 419–420, 420f
donning and doffing of, 603
education and training for, 20–21
evolution of, 11–20
for multiple limb deficiency, 954–955
for osseointegration, 581
weight bearing on, 607–608, 608f
Prosthesis Evaluation Questionnaire (PEQ), 649–650, 650t–651t
Prosthetic Gait Training Program, 609–612, 610f, 611f, 612f
Prosthetic gel liners, 494–495, 495f
Prosthetic Observational Gait Score, 86, 87f
Prosthetic socks, 494, 494f
Prosthetic training
body-powered, 355
control training, 357, 358f
goal progression with, 360
for hip disarticulation prostheses, 570–572, 571f, 572f
hybrid, 356
immediate postoperative considerations, 352–353, 352f, 353f
initial sessions for, 356–357, 357f
for leisure activities and mobility, 358–359, 360f, 361f
life-care planning, 361
long-term considerations with, 361
long-term use promotion with, 359–360
motor and movement skills, 355
myoelectric, 355–356
preprosthetic program essentials, 353–355, 354f, 355f
preprosthetic therapy, 351–352

for self-care and ADLs, 357–358, 358f, 359f
for targeted muscle reinnervation, 356
terminal devices, 356, 356f, 357f
for work tasks, 357–358, 360f
Protective dressings, 34–37, 35f, 36f
Proteus syndrome, 943, 946
Provisional prostheses. See Upper limb provisional prostheses
ProWrist Rotator, 185f
Proximal femoral focal deficiency (PFFD), 873, 877, 905, 905f
rotationplasty for, 923–924, 923f, 924f
advantages of, 928
Proximal forearm hand transplantation, 413
Pruritus, 690
Psoriasis, 680–681, 682f
Psychological adaptation to amputation
anxiety and, 720–722
body image and, 723
coping mechanisms and, 723–724
depression and, 722–723
management of, 724–726, 724t
pain and, 723
process of, 719–720, 721t
PTSD and, 720–722
social stigma and, 723
sports and recreation for, 621–622
variability in, 719
Psychological aspects
of aesthetic restoration, 380
of bilateral lower limb prostheses, 636
of congenital hand deficiency, 844
of congenital transverse deficiency, 860
of functional activities, 606
of limb salvage, 45
of multiple limb deficiency, 957
of pediatric amputation, 769–770
Psychological assessment
for hand transplantation, 410–411
for osseointegration, 584

for physical therapy, 598
Psychometric properties, 646–649, 647f, 648f
PTSD. See Posttraumatic stress disorder
Pulleys, in body-powered harnessing, 172–173, 172f, 173f
Pull-in socket design
for bilateral upper limb prostheses, 302
for transhumeral prostheses, 261–262, 261f, 262f
Pull switches, in upper limb prostheses, 197–198
Purpura fulminans septicemia, 753–754, 754f, 767t, 856, 857f, 947, 947f,
954
in children, 64–65
Push-in socket design
for bilateral upper limb prostheses, 302
for transhumeral prostheses, 261, 261f
Push switches, in upper limb prostheses, 198
PVD. See Peripheral vascular disease
Pygopagus conjoined twins, 911

Q
Quality of life. See also Activities of daily living
amputation surgery and, 23
limb salvage and, 46
with cancer, 53–54, 55f
with trauma, 55–56
partial foot amputation and, 467
Questionnaire for Persons with a Transfemoral Amputation, 584
Quick-disconnect finger units, 214–215, 215f
Quick-disconnect wrist units
for body-powered components, 148–149, 149f
for externally powered components, 184–185

R
Radial longitudinal deficiencies (RLD)
classification of, 824, 824t, 825t
clinical features of, 823
diagnostic studies for, 824
etiology of, 823–824, 823t

treatment of, 824–826, 825f, 826f
Radiofrequency (RF) ablation, 672
Radiofrequency identification (RFID) tags, 198–199
Radioulnar convergence, 226–227, 715
Raize foot, 446
Ramal containment socket, 542–544, 543f
Ramps, ascending and descending techniques, 614–615
Range of motion (ROM)
assessment of, 353–394f
for physical therapy, 598
of bilateral upper limb prostheses, 301, 301f
exercises for
in infants, 807
in young children, 808
loss prevention of, 606
of prosthetic elbows, 187
of prosthetic wrists, 185
of transhumeral prostheses, 263
Ray amputation
foot, 455, 455f
hand
double, 204–206, 209f, 210f
single, 203–204, 205f, 206f, 207f, 208f
Recreation
activity-specific prostheses for
lower limb, 621–628
upper limb, 363–377
multiple limb deficiency and, 956–957
for pediatric physical therapy, 811–812, 812f
Redundant soft tissues, 712–713, 713f
Referral for psychological adaptation, 724–726
Reflex sweating, 692–693
Reflex sympathetic dystrophy, 860
Rehabilitation. See also Physical therapy; Prosthetic training
for aesthetic restoration, 380, 380f
amputation responses during, 721t
considerations for, 731–732
for elbow disarticulation, 254

emergence of, 21–22
for hip disarticulation, 561
for hip disarticulation prostheses, 570–572, 571f, 572f
for knee disarticulation, 513–514
for Krukenberg procedure, 246, 247f
for osseointegration, 580–581
early, 586–587, 586f, 587f
gait training, 589–591, 589f, 590f
ongoing, 591–592, 591f
for partial foot amputation, 459
without prostheses
adaptive sports, 735, 735f
assistive devices for, 732–733, 733f
dining and, 734–735
dressing and, 733–734
driving and, 736, 736f
education for, 732
home modifications for, 736
peer support programs for, 735
personal hygiene and, 734, 734f
reasons for, 731
transfer training for, 732
writing and typing and, 735
for rotationplasty, 926
for shoulder prostheses, 296–297
for transfemoral amputation, 533–534
for transhumeral amputation, 254
for transpelvic amputation, 561
for transtibial amputation, 489–490
for wartime amputations, 122
Remote electrodes, 195, 195f
targeted muscle reinnervation and, 342
Removable rigid dressings, 36, 36f
Renegade AT, 627
Repairability, of externally powered prostheses, 177
Residual limb
with ankle disarticulation, 480
atrophy of, 361

compression dressing for, 603
osseointegration and, 585
pain with, 353, 353f
postoperative management of, 31–37
shaping of, 352, 352f
Residual limb-activated locking hinges, 152–153, 153f
Residual limb complications
bone spurs, 714
bursitis, 712, 712f
delayed wound healing, 707–708, 708f
evaluation of, 710
fractures, 714–715, 715f
frequency of, 707
heterotopic ossification, 714, 715f
hypermobile myoplasty, 712–713, 713f
infection, 708–709
joint contractures, 709, 710f
marginal necrosis, 707–708, 708f
myodesis failure, 709–710, 710f
neuromata and neurogenic pain, 710–711, 711f
radioulnar convergence, 715
redundant soft tissues, 712–713, 713f
skin problems, 713–714
soft-tissue coverage, 713–714
tibiofibular instability, 715, 716f
wound dehiscence, 707–708, 708f
Resisted elastic kicks, 606f
Resistive gait training, 610, 611f
Resistors, force-sensing, 197, 198f
Retro Classic Hook, 142, 142f
Revision surgery, for wartime amputations, 122
Revolimb, 622f
Revolute joints, 179f
RF ablation. See Radiofrequency ablation
RFID tags. See Radiofrequency identification tags
Rhythmic initiation, 610, 610f
Rigid dressings, 34–36, 35f
removable, 36, 36f

Rigid hinges, 151–153, 152f, 153f
Ring finger ray amputation, 203–204, 207f
RLDs. See Radial longitudinal deficiencies
Roberts syndrome, 857
Robo-Wrist, 150f, 151
Rock climbing, prostheses for, 374, 374f
Roll-on suspension liner, 266
hypobaric and vacuum-assisted suspension, 545t, 547–549, 548t
suction suspension with, 545t, 547
ROM. See Range of motion
Rotasafe device, 588, 588f
Rotational wrist units, 149–150, 149f
Rotationplasty
alternative to, 924
contraindications for, 922–923
for femoral deficiency, 897, 898f
indications for, 921–922
for neoplasm resection, 856
for PFFD, 923–924, 923f, 924f
advantages of, 928
physical therapy for, 809–810
postoperative care for, 924, 925f
postoperative considerations for, 805, 805f
prerequisites for, 922
prostheses for, 897–898, 899f
components for, 930
diagnostic socket for, 929–930
dynamic alignment of, 930
model modification for, 929
molding for, 928–929
pediatric, 886–887, 905, 906f
special considerations for, 930–931
results of, 921, 922f
as salvage procedure
for malignant tumors, 924
rehabilitation of, 926
surgical technique for, 924–926, 925f, 926f, 927f, 928f, 929f
surgical technique for, 923–924, 924f

Rotator joint, 179f
Rowing, prostheses for, 372–373, 373f
Running, prostheses for, 623–624, 623f, 624f

S
SACH foot. See Solid Ankle Cushion Heel foot
Sacral agenesis. See Lumbosacral agenesis
Sagittal stability, of transfemoral prostheses, 539
Sauter elbow cutout, 238, 239f
Scapulectomy, 283, 283f
Scars, 690–692, 691f, 713
Scoliosis, 933, 957–958
Screening for psychological adaptation, 724–725, 724t
Seborrheic keratoses, 688–689, 688f
Select Myo Electric Hand, 180f
Self-care training, 354, 355f, 357–358, 358f, 359f
Self-management, 725–726
Sensation
with hands, 23–24
partial hand prostheses and, 218
physical therapy and, 598–599
SensorHand Speed, 181, 181f
Sepsis, 856, 857f
hip disarticulation and hemipelvectomy for, 910–911
Septicemia, with purpura fulminans, 753–754, 754f
Service, for externally powered prostheses, 177
Servos, 197
Sex
bilateral lower limb prostheses and, 635
vocation and, 741, 744
Sexuality, multiple limb deficiency and, 957
Shin-ankle-foot components
hybrid, 433–434, 434f, 435f
selection of, 435, 436t
Shin pylons, dynamic, 433, 434f
Shock-absorbing pylon, 433, 434f
dynamic elastic response foot with, 434, 435f
for osseointegration, 589

Shooting, prostheses for, 374, 375f
Short training prosthesis (STP), 586–587, 587f
Shoulder abduction hinge, 155f, 156
Shoulder arthrodesis, 400
primary BPI reconstruction compared with, 402–403
transhumeral amputation with, 402, 402t
Shoulder bulkhead, 155f, 156
Shoulder caps, 290–292, 291t, 292f
Shoulder complex, kinesiology of
in coronal plane, 97–101, 98f, 99f, 100f, 101f, 102f, 103f, 104f
rotatory capability of, 101f, 102, 105f
in sagittal and transverse plane, 101–102, 104f, 105f
Shoulder disarticulation
application of, 271, 271f
complications of, 278f, 279
exoskeletal prostheses for, 293–294, 294f
history of, 7
modifications of, 271–272
postoperative management for, 279
prostheses for, 287–288, 288f
targeted muscle reinnervation with
fittings for, 344–345, 344f
general considerations for, 333
socket designs for, 342, 342f, 345, 345f
surgical planning for, 330, 330f
surgical technique for, 333–335, 333f, 334f
training for, 345–346
technique for, 277–279, 278f
transhumeral amputation compared with, 249
Shoulder harness, 171–172, 172f, 290
bilateral, 173, 173f
externally powered switches, 173, 174f
nudge control for, 173, 173f
pulleys for, 172–173, 172f, 173f
Shoulder joints, for bilateral amputee, 307, 307f
Shoulder-level amputations, 271–272, 271f. See also Forequarter
amputation; Humeral neck amputation; Shoulder disarticulation
alternatives to, 272

complications of, 278f, 279
levels of, 287–288, 287f, 288f
limb salvage alternatives to, 279–280, 280f, 281f
claviculectomy, 283–284
scapulectomy, 283, 283f
Tikhoff-Linberg resection, 271–272, 280–283, 282f
no prosthesis use after, 290, 291t
postoperative management for, 279
prostheses for, 287
shoulder caps for, 290–292, 291t, 292f
Shoulder prostheses
acceptance rate for, 228
adaptive, 291t, 293, 293f
amputation level and, 287–288, 287f, 288f
approaches to, 290, 291t–292t
bilateral, 295–296, 297f, 307, 307f, 312–313
pediatric, 840–841
body-powered, 155f, 156–157, 156f, 291t, 293–294, 293f, 294f
for brachial plexus injuries, 295, 295f
for children
active, 794–795
passive, 792–793
component setup considerations for, 290
endoskeletal prosthesis, 157f, 158
evaluation for, 288
externally powered, 188, 188f, 292t, 294–295
harnesses for, 290
hybrid, 292t, 294, 294f, 295f
passive oppositional, 291t, 292–293, 293f
pediatric, 840, 841f
bilateral, 840–841
rehabilitation team for, 296–297
silicone interface for, 325–327, 327f
socket for
bilateral, 302–303
components of, 157–158, 157f
design of, 288–289, 288f, 289f
material selection for, 289, 289f, 290f

for Tikhoff-Linberg resection, 295, 296f
Shoulder saddle harness
for transhumeral application, 170, 171f
for transradial application, 165, 165f
Shoulder soft-tissue release, 399
Shoulder tendon transfers, 399, 400f
Shredding-type injury, 944
Sidestepping exercises, 615
Sierra 2-Load Voluntary Opening Hook, 144f
Sierra Voluntary Opening Hand, 145f, 146
Sierra Wrist Flex Unit, 150, 150f
Silicone gloves, 292–293
Silicone interface
benefits of, 321
for fingertip amputations, 322, 323f
high consistency rubber silicone, 321–322, 321f, 322f
as limb protectors, 322, 323f
for partial finger prostheses, 323, 323f, 324f
for partial hand prostheses, 323, 323f, 324f
for shoulder disarticulations, 325–327, 327f
for thumbs and opposition posts, 323, 324f
for transhumeral prostheses, 325, 326f
for transradial sockets, 324–325, 326f
for transtibial prostheses, 494–495, 495f
for wrist disarticulation prostheses, 323–324, 325f
Silicone prostheses
for ankle disarticulation, 869, 870f
color of, 386, 386f
for feet, 465, 465f
for lower limb, 383–385, 385f, 386f
for nails, 385
for partial hand amputation, 214, 215f, 218
for upper limb, 381–383, 381f, 382f, 383f, 384f, 385f
Single-axis ankle-foot, 432, 432f
for hip disarticulation prostheses, 566
Single-axis hinges, 151–152, 152f
Single-axis knee
constant-friction, 435, 436t, 437f

for hip disarticulation prostheses, 566
hydraulic, 439, 440f
for knee disarticulation, 518f, 519f, 523
Single-axis shoulder units, 155f, 156
Single-input myoelectric control strategies, 196, 197f
Single ray amputation, of hand, 203–204, 205f, 206f, 207f, 208f
SJ90 Locking Shoulder Joint, 156
Skeleton
asymmetry of, 882–883
growing, 754–756, 755f, 756f
Ski Foot, 627, 627f
Skiing
multiple limb deficiency and, 957
prostheses for, 373–374, 374f, 625–627, 625f, 626f, 627f
Skin
care of, 602
color of aesthetic prostheses, 386, 386f
Skin-fit sockets, 238, 238f
Skin-fit suction suspension, 545t, 546–547
Skin grafts
in forequarter amputation, 277
for Krukenberg procedure, 245, 246f
split-thickness, 714
Skin problems
amputation and, 677–678, 699
classification for, 693, 694t
dermatitis
contact, 678–680, 680f, 681f, 682f
heat rash, 681–683, 683f
intertrigo, 681, 683f
nonspecific eczematization, 680
psoriasis, 680–681, 682f
urticaria, 683, 683f
dry skin, 690–691
epidemiology of, 678
hygiene and, 678, 679f
infection, 683–684, 684f, 685f
pruritus, 690

in residual limb, 713–714
sweating and, 692–693
vocation and, 740, 742
volume changes
friction, 685–686, 686f
negative-pressure hyperemia, 685, 686f
prosthetic use and, 684–685
tumors, 688–690, 688f
ulceration, 686–687, 687f
verrucous hyperplasia, 687–688, 687f
Sleep patterns after amputation, 355
Sliding-action step-up hinges, 152, 153f
Small finger ray amputation, 203–204, 208f
Snow skiing, prostheses for, 373–374, 374f, 626–627, 626f, 627f
Social security system, after amputation, 741, 743
Social stigma, 723
Sockets
actively deformable, 505
for bilateral lower limb prostheses, 639–640
for bilateral upper limb prostheses
design of, 301–303, 301f
materials for, 302, 302f
check, 322, 322f
elbow disarticulation, 267, 267f
exercises for, 615–617, 616f, 617f
expandable wall, 483
for fibular deficiency, 869
flexible inner, 239, 239f, 541t, 542
fused deposition modeling for, 505, 506f
half-and-half, 260
hard, 541–542, 541t
for hemipelvectomy prostheses, 569–570
for hip disarticulation prostheses, 568–569, 569f
interface for, 28, 28f
in International Committee of the Red Cross system, 130–131, 131f
ischial containment, 542–544, 543f
for knee prostheses, 519
medial window, 482, 482f

for osseointegration prostheses, 587–588, 588f
for pediatric patients, lower limb, 777–778, 778f
posterior window, 482, 483f
ramal containment, 542–544, 543f
for rotationplasty prostheses, 929–930
for shoulder prostheses
design of, 288–289, 288f, 289f
material selection for, 289, 289f, 290f
for sports and recreation, 622, 622f
stovepipe, 481–482, 481f, 482f
suspension approaches, 481–483
for targeted muscle reinnervation, 342, 342f
targeted muscle reinnervation and, 340
torque of, 289, 289f
for transfemoral prostheses
construction of, 541–542, 541t
designs for, 542–544, 543t
fit of, 538
orientation of, 538
stability of, 539–541, 540f
total contact fit of, 539
for transhumeral prostheses, 257–258
for transradial prostheses
components of, 157–158, 157f
design of, 238–239, 238f, 239f, 240f
for transtibial prostheses, 494–495, 494f, 495f, 500–501, 501f
Utah dynamic, 260, 260f
Socket shoulder joints, 157–158, 157f
Socks
prosthetic, 494, 494f
regulation of, 603
Soft dressings, 31–32
Soft-tissue
envelope, 26–28, 27f
inadequate coverage with, 713–714
osseointegration and support for, 586–587, 587f
pediatric amputation and, 771, 771f
for polydactyly, 851, 851f

redundant, 712–713, 713f
release of, shoulder, 399
RLD correction and, 826
Solid Ankle Cushion Heel (SACH) foot, 430–431, 431t
applications of, 431–432
design of, 431, 431f
efficiency of, 431
indication, 431t
in International Committee of the Red Cross system, 131, 131f
limitation, 431t
multiaxial ankle-foot replacement for, 433
for osseointegration, 589
Solid ankle flexible endoskeleton foot, 433, 433f
Sound-leg stepping, 610, 610f
Sound limb, 603–604, 608
abrupt loading of, 83–84
Sound-side vaulting, 84
Southampton Hand Assessment Procedure, 423, 425f
Spinal cord injuries, 45–46, 47f
Spine, stability of, 97
Spinosacral instability, 933
Split-hand deformity, 875–876
Split-hand/split-foot syndrome, 949, 949f
Split-hook devices, 141, 142f
for bilateral amputee, 304, 305f
evolution of, 15, 16f
in International Committee of the Red Cross system, 132, 132f
Split-thickness skin grafts (STSGs), 714
Sports
activity-specific prostheses for
lower limb, 621–628
upper limb, 366–377
adaptive, 735, 735f
multiple limb deficiency and, 956–957
for pediatric physical therapy, 811–812, 812f
Spring-loaded fingers, 140, 140f
Springs, for hook tension, 142, 142f
Sprinting, prostheses for, 624, 624f

Squamous cell carcinomas, 689–690
Stage theory, in crisis response, 719–720
Stance-control knee, 435–437, 436t, 437f
with locking mechanism, 439, 439f
pediatric, 778
Stance-flexion knees, 438, 438f
for bilateral amputation, 638, 638f
Stance phase knee instability, 84
Standing balance, 606–607
Staphylococcus aureus, 684, 753–754, 947
Steeplon hand, 140f
Step-by-step method, stair ascent and descent, 613, 613f
Step length asymmetries, 82–84
Step-over-step method, 613–614, 614f, 778
Step-up hinges, 152, 153f
Stewart-Treves syndrome, 690
Stool-stepping exercise, 608, 608f
Stovepipe socket, 481–482, 481f, 482f
STP. See Short training prosthesis
Strap suspension, for transtibial prostheses, 496–497, 496f, 497f
Strength
of adaptive prostheses, 365
physical therapy and, 598
Strengthening program, 353–354, 604–606, 605f, 606f
STSGs. See Split-thickness skin grafts
“Stubbie” feet prostheses, 636, 636f
Subatmospheric suspension system, for transfemoral prostheses,
544–546, 545t
roll-on gel liner hypobaric and vacuum-assisted, 545t, 547–549, 548t
roll-on gel liner suction, 545t, 547
skin-fit suction, 545t, 546–547
Subischial socket, 543t, 544
Suction suspension, 260
for bilateral lower limb prostheses, 640–641, 641f
evolution of, 14–15, 14f
for hip disarticulation prostheses, 568, 569f
for knee prostheses, 521–522, 521f
negative-pressure hyperemia with, 685, 686f

for pediatric patients, 778
for transfemoral prostheses
roll-on gel liner hypobaric and vacuum-assisted, 545t, 547–549, 548t
roll-on gel liner suction, 545t, 547
skin-fit suction, 545t, 546–547
for transtibial prostheses, 498–499, 498f
Support system, 354–355
for bilateral lower limb prostheses, 636
vocation and, 741
Supracondylar suspension
evolution of, 17
technique for, 238, 239f
for transtibial prostheses, 495f, 496–497
Sure-Lok Voluntary Closing Locking Mechanism, 141, 141f
Suspension
for adaptive prostheses, 364
for ankle prostheses, 481–483, 481f, 482f, 483f
for bilateral lower limb prostheses, 640–641, 640f, 641f
for figure-of-8 harness system, 162, 163f
for hip disarticulation prostheses, 568–569, 569f
for knee prostheses, 519
limb length and, 756, 756f
for pediatric patients, 778, 779f
for shoulder prostheses, 290
for transradial prostheses, 238, 238f
pediatric, 836
for transtibial prostheses
anatomic and strap, 496–497, 496f, 497f
atmospheric pressure suspension, 498–499, 498f, 499f
design of, 495–496
mechanical, 497–498, 497f, 498f
system performance, 499–500
Swanson International Federation of Societies for Surgery of the Hand
classification system, 844, 845t
Sweating, skin problems and, 692–693
Swimankle, 625, 625f
Swimming
multiple limb deficiency and, 957

without prostheses, 735, 735f
prostheses for, 365f, 367–368, 368f, 624–625, 625f, 639, 639f
Swing phase of gait, 90
Symbrachydactyly
associated findings with, 847
classification of, 846–847, 848t
differential diagnosis of, 847–848
functional deficits with, 847, 848t
imaging of, 846, 847f
surgical treatment for, 848, 849f
variability of, 846, 847f
Syme ankle disarticulation. See Ankle disarticulation
Syme prostheses, aesthetic, 384–385
Syndactyly, 848–850, 850f
Synostosis
bone-bridge, 487–489, 488f
fibular tibial, 878
Krukenberg procedure and, 244
with transradial amputation, 225–226
Systolic blood pressure, toe, 454

T
Tandem walking, 616
TAR. See Thrombocytopenia with absent radius
Targeted muscle reinnervation (TMR), 199, 309–310
application of, 339
coactivation of signals with, 340–341
development of, 329
electrode placement for, 341–342, 342f
evolution of, 18
future inquiry for, 336
general principles of, 340
for lower limb motor control, 335, 348, 348f
muscle recovery period in, 340
myotesting principles for, 340, 341f
for neuroma management, 335–336, 336f, 672, 711
pattern recognition with, 346–347, 347f
sensory feedback in, 347–348, 347f

shoulder disarticulation
fittings for, 344–345, 344f
general considerations for, 333
socket designs for, 345, 345f
surgical technique for, 333–335, 333f, 334f
training for, 345–346
socket design for, 342, 342f
surgical planning for, 329–330, 330f
technological advancements in, 346
training for, 356
transhumeral
fittings for, 342–343, 343f
general considerations for, 330–331
surgical technique for, 331–333, 331f, 332f
training for, 343–344, 344f
visualization of desired movement with, 341
Targeted sensory reinnervation (TSR), 336
Tarsometatarsal disarticulation, 457
ankle-foot orthoses for, 464f, 465–466, 466f
Task-specific prostheses, upper limb provisional, 319–320, 319f, 320f
TD. See Terminal devices
“Telescoping” sensation, 666
Tendon transfers
in Chopart disarticulation, 457–458
shoulder, 399, 400f
TENS. See Transcutaneous electrical nerve stimulation
Tension, for hooks, 142, 142f
Teratogens, 761, 824
Terminal bony overgrowth, 754–755, 755f, 770
with pediatric prostheses, 780, 780f
Terminal deficiencies, 846, 846f
Terminal devices (TD)
active prehensor devices, 140–141, 141f
activity-specific
for sports and recreation, 366–377
vocational, 365–366, 365f, 366f
age and, 956
for bilateral upper limb prostheses, 304–305, 305f

cosmetic gloves for, 146, 146f
description of, 139
hands, 143–145, 144f
passive, 139–140, 140f
training for, 356, 356f, 357f
voluntary-closing (VC) hands, 145–146, 145f, 146f
voluntary-closing (VC) hooks, 143, 144f
voluntary-opening (VO) hands, 145, 145f
voluntary-opening (VO) hooks, 141–143, 142f, 143f, 144f
wrist units for, 146–147, 147f
Terminal impact, excessive, 85, 94
Terminal stance, 89, 92, 571, 571f
Terminal swing phase of gait, 94
Terminal transverse limb deficiencies, 858
Thalidomide, 761, 824
Therapy. See Rehabilitation
Thermal injuries, 63–64, 946
Thermoplastics, 317, 317f, 318f, 495
Three-jaw chuck prehension pattern, 144, 144f
Thrombocytopenia with absent radius (TAR) syndrome, 753, 853, 954
Thumb, kinesiology of, 110–111, 111f, 112f
Thumb amputation, 207–210
interphalangeal, 208–210, 211f
metacarpophalangeal, 210–211
prosthetic options for, 213, 214f
Thumb interphalangeal arthrodesis, 401
Thumb polydactyly, 850f
Thumb prostheses
aesthetic, 382, 382f
bone lengthening for, 213, 214f
externally powered, 217, 217f
options for, 213, 214f
silicone interface for, 323, 324f
Tibia
congenital longitudinal deficiency of, 766t, 873, 875–876
lengthening of, 896
Tibial bowing, 869
Tibial deficiency, 873–874

conditions with, 875–876
etiology of, 876
pediatric prostheses for, 885
Tibial hemimelia, 873, 877
Tibiocalcaneal fusion, 476
Tibiofibular fusion, 476
Tibiofibular instability, 715, 716f
Tikhoff-Linberg resection, 271–272, 280–283, 282f
shoulder prostheses for, 295, 296f
Timed Up and Go (TUG) test, 653t–655t, 655–656
Timed Walk Tests (TWTs), 652, 653t–655t, 655
Tinel sign, 331, 393
Tip pinch, 844
Titanium fixture, 577, 577f, 583, 584f
TMR. See Targeted muscle reinnervation
Toddlers
partial hand prosthesis for, 833–835, 835f
physical therapy for, 808, 809f
shoulder disarticulation prostheses for, 840
transhumeral prostheses for, 838–839, 839f
transradial prostheses for, 836–837, 836f, 837f
wrist units for, 833–835, 834f
Toe amputation, 455, 455f
toe fillers and insoles for, 464–465, 465f, 949–950, 950f
Toe-box jumps, 617
Toe-brachial index, 454
Toe fillers, 464–465, 465f
ToeOFF BlueRocker, 464f
Toe-phalanx transfer, 852
Toe systolic blood pressure, 454
Toe-to-thumb reconstruction, 210–211, 213
Toilet training, in child with transfemoral prosthesis, 809
Torque-absorbing pylon, 433
Torque absorption units, with transfemoral prostheses, 549
Torsion adapter, 433, 434f, 588–589
Total surface–bearing socket, 500–501, 501f
Tourniquet, use in amputation, 9, 9f
Traditional harnessing, 160–161, 161f

Training. See also Control training; Gait training; Prosthetic training
for activities of daily living, 357–358, 358f, 359f
for amputation surgery, 12
hand dominance, 355
for mobility, 358–359, 360f, 361f
pregait, 607–608, 607f, 608f
in prosthetics, 20–21
for work tasks, 357–358, 360f
Train-related injuries, 945–946
Transarticular amputation, 66, 66t
Transcalcaneal amputation, 458–459
Transcarpal amputation
deficiency and, 795–796, 796f
Krukenberg procedure for, 245
Transcutaneous electrical nerve stimulation (TENS), 669, 671
Transcutaneous tissue oxygen tension, 454
Transducers, 197, 217
Transfemoral amputation
alignment with, 526–528, 526f, 527f
application of, 525
bilateral, 781, 781f
biomechanics of, 526–528, 526f, 527f
complications with, 534
for congenital transverse deficiency, 859–860
electromyographic activity with, 527–528
functional outcomes in children of, 806t
Gritti-Stokes amputation for, 532, 533f
history of, 7
indications for, 528–529, 529f
knee disarticulation compared with, 511, 512f, 513, 513f
knee sagittal kinematics with, 72f, 74–75
limb length with, 525, 526f
modified adductor myodesis for, 531–532, 532f
muscle atrophy with, 527
postoperative care for, 532–534
prevalence of, 537
proximal, 525–526
skin necrosis with, 708f

stairs training for, 613–614, 614f
surgical principles for, 527f, 528
surgical technique for, 529–531, 530f, 531f
at Valley Forge Army General Hospital, 118–120
bilateral, 120
Transfemoral prostheses
aesthetic, 384–385
alignment considerations for, 550–552, 550f, 551f
bilateral, 637, 637f
clinical considerations for, 537–541, 540f
component considerations for, 549–550
evolution of, 12–14, 13f, 14f, 17
gait deviations with, 84–86
study guide for, 91–94
history of, 537
in International Committee of the Red Cross system, 130–131, 130f,
131f
myoelectric control of, 448–449
pediatric
in active child, 903–904, 904f
for congenital anomalies, 905, 905f, 906f
in growing child, 903, 903f
suspension systems for, 901–902, 902f, 903f
transition to adult components, 904–905, 904f
sockets for
construction of, 541–542, 541t
designs for, 542–544, 543t
fit of, 538
orientation of, 538
stability of, 539–541, 540f
total contact fit of, 539
suspension systems for
belt-type or auxiliary, 546t, 549
hypobaric and vacuum-assisted suction, 545t, 547–549, 548t
skin-fit suction, 545t, 546–547
subatmospheric, 544–546, 545t
types of, 544, 545t–546t
Transfers

assessment of, 599
fibular-femoral, 873–874
postoperative, 601
training for, 732
Transhumeral amputation
bilateral, 301
in brachial plexus injuries, 401–402, 402t
primary reconstruction compared with, 402–403
complications with, 254
general considerations for, 251–252, 253f
muscles in, 258–259, 259f
osseointegration with, 576
rehabilitation for, 254
selection of, 249, 249f
surgical considerations for, 249–250
surgical technique for, 252–254, 254f
targeted muscle reinnervation with
fittings for, 342–343, 343f
general considerations for, 330–331
socket design for, 342, 342f
surgical planning for, 330, 330f
surgical technique for, 331–333, 331f, 332f
training for, 343–344, 344f
ultra-short, 277–279, 278f
variants of, 258
Transhumeral harness
bilateral, 303, 303f, 304f
bilateral application, 171, 172f
mechanism of control of, 167
Michigan roller harness, 170
power and excursion capturing with, 169–170, 170f
rotational considerations, 168–169, 169f
sequence of actions, 167–168, 167f, 168f, 169f
shoulder saddle, 170, 171f
triple control harness, 171
Y split, 170–171, 171f
Transhumeral prostheses
acceptance rate for, 228

aesthetic, 383
alignment of, 262, 262f
amputation level and, 250
for bilateral amputee, 312, 313f
body-powered, 268–269, 268f
casting impression for, 263–265, 263f, 264f
for children
active, 793–794, 794f
bilateral, 797, 798f
passive, 792–793
control strategies for, 268–269, 268f, 269f
early and immediate, 259–260, 260f
elbow units, 153–155, 153f, 154f
endoskeletal systems, 157f, 158, 262, 262f
externally powered, 186, 269, 269f
interface of
alternatives for, 266–268, 266f, 267f, 268f
considerations for, 260–263, 260f, 261f, 262f
construction of, 266, 266f
modification and evaluation of, 265–266, 265f
in International Committee of the Red Cross system, 132, 132f
length of, 262
load-bearing with, 263
objectives of, 257
outside-locking hinges for, 153, 153f
pediatric, 838–839, 838f, 839f
postoperative management of, 259–260, 260f
pull-in socket design for, 261–262, 261f, 262f
push-in socket design for, 261, 261f
silicone interface for, 325, 326f
sockets for, 257–258
bilateral, 302
soft-tissue considerations for, 258–259, 259f
Transmetacarpal amputation, 206–207
Transmetatarsal amputation, 455–457, 456f
ankle-foot orthoses for, 464f, 465–466, 466f
insoles for, 464–465, 465f
Transosseous amputation, 66, 66t

Transpelvic amputation. See Hemipelvectomy
Transplantation. See Hand transplantation
Transradial amputation
in brachial plexus injuries, 401, 402t
complications with, 225–227, 228f
for congenital hand deficiencies, 852
current innovations for, 229
general treatment principles for, 221–222
Krukenberg procedure for, 245
outcomes with, 227–229
prevalence of, 221
prosthetic considerations for, 233
requirements for, 224–225
surgical technique for, 225, 226f
targeted muscle reinnervation with
for neuroma management, 335, 336f
surgical planning for, 330, 330f
Transradial harnesses
bilateral, 303, 303f
complete system activation, 164–165, 165f
with distal strap, 166, 166f
figure-of-8 harness system, 162–163, 163f, 164f
figure-of-9, 166, 166f, 167f
force and excursion in, 164
force transmission, 162
history of, 161–162, 162f, 163f
Michigan roller harness, 166, 166f
power generation, 163–164, 164f
shoulder saddle harness, 165, 165f
Transradial prostheses
acceptance rate for, 228
aesthetic and cosmetic considerations for, 240, 240f, 382–383, 384f
alignment of, 240
for bilateral amputee, 311–312, 312f
body-powered, 235–237, 235f
for children
active, 786–790, 787f, 788f, 789f, 790f
bilateral, 797, 798f

considerations for, 784–785
functional activity training for, 792, 792f
passive, 785–786, 785f
subsequent prosthesis for, 790–791
training progression with, 791–792, 791f
component considerations for, 236–237, 237f
control strategy options for, 236, 237f
early, 234–235
externally powered, 184, 235–237, 235f, 236f, 237f
hinges for
bilateral, 302
flexible, 151, 151f
polycentric, 152, 152f
residual limb-activated locking, 152–153, 153f
rigid, 151
single-axis, 151–152, 152f
step-up, 152, 153f
immediate, 234, 234f
in International Committee of the Red Cross system, 132, 132f
limb length and, 177
pediatric, 835–838, 836f, 837f, 838f
preoperative considerations for, 233
preparatory training, 236, 236f
shoulders, 155f, 156–157, 156f
silicone interface for, 324–325, 326f
sockets for
bilateral, 302
components of, 157–158, 157f
design of, 238–239, 238f, 239f, 240f
suspension options for, 238, 238f
timetable for, 233–234, 234t
Transtarsal disarticulation, 457–458
Transtibial amputation
ankle disarticulation compared with, 480
for congenital transverse deficiency, 859
contraindications for, 486
Ertl technique, 487–489, 488f
exercises for, 604

fibulectomy, 487, 488f
functional outcomes in children with, 806t
indications for, 485–486
knee sagittal kinematics with, 74
level-specific complications with, 489
marginal necrosis of, 708f
preoperative considerations for, 485
procedure for, 486–487, 486f, 487f
rehabilitation for, 489–490
stairs training for, 613–614, 614f
targeted muscle reinnervation with, for neuroma management,
335–336, 336f
for terminal bony overgrowth, 754–755
at Valley Forge Army General Hospital, 118–120
Transtibial prostheses
aesthetic, 384–385
alignment in, 503–504, 503f, 504f, 505f
bilateral, 637–638
control mechanisms for, 501–503
design of, 493
evolution of, 13, 13f, 15, 15f
future design of, 504–506, 505f, 506f
gait and movement of, 501, 502f
gait deviations with, 82–84
study guide for, 88–90
in International Committee of the Red Cross system, 130–131, 130f,
131f
Jaipur system, 133–134, 133f
multiaxial ankle-foot with, 433
parts of, 493, 494f
pediatric, 884
socket for, 500–501, 500f, 501f
socket insert for, 494–495, 494f, 495f
suspension for
anatomic and strap, 496–497, 496f, 497f
atmospheric pressure suspension, 498–499, 498f, 499f
design of, 495–496
mechanical, 497–498, 497f, 498f

system performance, 499–500
Transverse congenital deficiency, 756f, 757
of lower limb
acquired, 855–857, 856f, 857f
categories of, 858, 858f, 859f
congenital, 857–858, 858f
etiology of, 855–858, 856f, 857f, 858f
level of, 858–859
of upper limb
classification of, 815, 816f–817f
clinical features of, 815, 818, 818f
management of, 818–820, 819f
prostheses for, 820
Transverse deficiencies of foot, 948, 948f
Transverse intercalary limb, 858, 858f, 859f
Transverse terminal limb, 858
Trapeziometacarpal arthrodesis, 401
Traumatic amputations
in children, 63
of foot, 943
general treatment principles for, 222
pediatric prostheses for, 883–884
transfemoral, 528–529
transverse deficiency of lower limb, 855–856, 856f
Trekking, prostheses for, 373–374, 374f
Trendelenburg limp, 609
Triceps muscle, in targeted muscle reinnervation, 343, 343f
Trigger finger, 217
Trinity and Amputation and Prosthesis Experience Scale, 423–424
Triple control harness, 171
Trunk
lateral bending of, 83, 85, 92
passive rotation of, 612, 612f
stability of, 97
TSR. See Targeted sensory reinnervation
TUG test. See Timed Up and Go test
Tumbling, prostheses for, 367, 367f
Tumor necrosis factor, 672

Tumors
acquired limb deficiency with, 767t
amputation for, 63
hip disarticulation and hemipelvectomy for, 555
limb salvage for, 52–54, 55f
in children, 65
rotationplasty for, 924
of skin, 688–690, 688f
transfemoral amputation for, 529
Two-load hooks, 142, 144f
TWTs. See Timed Walk Tests
Typing, without prostheses, 735

U
Ulceration, 686–687, 687f, 713–714
ULD. See Ulnar longitudinal deficiency
Ulnar dimelia, 852
Ulnar lengthening, 826, 826f
Ulnar longitudinal deficiency (ULD)
classification of, 827, 827t
clinical features of, 826–827
diagnostic studies for, 827
etiology of, 827
incidence of, 827
treatment of, 827–828, 828f
ULPOM. See Upper Limb Prosthetic Outcome Measures
Uneven surfaces, ambulation over, 614
Universal joint, 179f
Universal Shoulder Joint, 156f, 157
University of New Brunswick Test of Prosthetic Function, 422–423
Upper limb amputation. See also specific limbs
bilateral, 299
general treatment principles for, 221–222
prevalence of, 221
principles of, 221
socket interface in, 28, 28f
TMR surgical planning in, 329–330, 330f
vocational activities with, 742–744

Upper limb deficiency, 772
with fibular deficiency, 865
occupational therapy for
acquired, 798–799
assessment for, 783–784, 784t
bilateral, 796–798, 796f, 797f, 798f
without prosthesis, 799–800, 799f, 800f
prosthetic choices for, 783
transcarpal and partial hand deficiencies, 795–796, 796f
with unilateral transhumeral and shoulder disarticulation deficiency,
792–795
with unilateral transradial deficiency, 784–792
scoliosis and, 957–958
Upper limb prostheses. See also Bilateral upper limb prostheses; specific
limbs
acceptance rates of, 228–229
body-powered. See Body-powered prostheses
externally powered. See Externally powered prostheses
hybrid configurations, 178
for pediatric patients, 778–779, 779f, 831–841
rejection rates of, 227–228
silicone interface options in, 321–327
staging of care for, 300–301, 301f
use of, 958–959, 958f
vocation and, 742–743
Upper Limb Prosthetic Outcome Measures (ULPOM), 420
Upper limb provisional prostheses
alignment considerations for, 317
body-powered, 318–319
clinical application of, 316–317
externally powered, 319
fitting and component considerations for, 317, 317f, 318f
hybrid, 319
passive, 317–318
rationale for, 315–316, 316t
residual limb considerations for, 317
task-specific, 319–320, 319f, 320f
terminology for, 315

Upper limbs. See also specific limbs
infection in, 48, 50f, 51f, 52f
kinesiology of, 97, 97f, 98f, 193–194, 843–844
lobster claw hand deformity of, 873
TMR surgical planning in, 329–330, 330f
Urticaria, 683, 683f
US military amputee care, 116–118
Utah Arm 3, 187f
Utah Arm 3+, 187f
Utah dynamic socket, 260, 260f
Utah Hybrid Arm, 187f
Utility prehensors, 181

V
VACTERL, 823–824
Vacuum pump, 499, 499f
Validity, in outcome measures, 646
Valley Forge Army General Hospital, 118–119
Van Nes rotationplasty, 773, 774f. See also Rotationplasty
pediatric prostheses for, 887, 905, 905f
Vari-Flex XC Rotate foot, 627, 627f
Vario one-muscle control system, 791
Vari-Pinch Prehensor, 142, 142f
Vascular arteriovenous malformation syndrome, 946
Vascular disease, 754
transfemoral amputation and, 528
Vascularized composite allotransplantation (VCA), 409. See also Hand
transplantation
ethics of, 410
evolving issues of, 415–416
outcomes of, 415
screening for, 410–411
Vascular malformations, 761
Vaulting, gait strategy, 86, 93
VCA. See Vascularized composite allotransplantation
Vehicle control, prostheses for, 376
Venous outflow, 42–43, 44f
Venous thromboembolism, with transtibial amputation, 489

Verrucous carcinomas, 690
Verrucous hyperplasia, 687–688, 687f
Vertebral agenesis. See Lumbosacral agenesis
Vietnam amputation experience, 118–120
Vincent Finger Joint, 214
Viremia, 954
Vocational activities. See also Occupational therapy
after amputations, 739
with lower limb amputation, 739–742
with upper limb amputation, 742–744
war veterans and, 744
Voice-controlled software, 958–959
Volume changes
friction, 685–686, 686f
negative-pressure hyperemia, 685, 686f
ulceration, 686–687, 687f
verrucous hyperplasia, 687–688, 687f
Voluntary-closing (VC) devices
for bilateral amputee, 305
function of, 140–141
hands, 145–146, 145f, 146f
hook terminal devices, 143, 144f
operation of, 141
Voluntary control, of transfemoral prostheses, 538
Voluntary-opening (VO) devices
for bilateral amputee, 304–305
function of, 140
hands, 145, 145f
hook terminal devices, 141–143, 142f, 143f, 144f
operation of, 141

W
Waist belt suspension
for knee prostheses, 522
for transtibial prostheses, 496, 496f
Walking
backward, 615, 617
complexity of, 69

metabolic cost of, after, 24, 24f
tandem, 638
Wall sockets, expandable, 483
Warner syndrome, 875–876
Wartime amputations
current concepts in, 121–122
definitive care, 122
evacuation care, 121, 122f
in-theater care for, 121
issues with, 115
Operations Iraqi and Enduring Freedom, 120–121
rehabilitation, 122
revision surgery, 122
US military care evolution, 116–118
Vietnam experience, 118–120
War veterans, vocation and, 744
Waterskiing, prostheses for, 373–374, 374f, 625–626, 626f
Water sports, prostheses for, 625–626, 625f, 626f
Wave Sport foot, 627, 627f
Weber classification, 875, 876f
WedgeGrip Wrist, 148f
Weight
of adaptive prostheses, 365
bearing of, 607–608, 608f, 632–633
after lower limb amputation, 25–26, 26f
of externally powered prostheses, 176
osseointegration and, 587, 587f
Weight-activated 3R80 rotary hydraulic joint, 588
Weight-activated stance-control knee, 435–437, 437f
Weight training, prostheses for, 368–369, 368f, 369f
Wheelchairs, 732–733, 733f
for bilateral lower limb amputation, 633–634
for multiple limb deficiency, 955
propulsion of, 601–602
Whips, in knee joint tracking, 85, 90, 93
WHO-ICF. See World Health Organization International Classification
of Functioning, Disability and Health
Window sockets

for knee prostheses, 519–520
medial, 482, 482f
posterior, 482, 483f
Winter sports, prostheses for, 626–627, 626f, 627f
Work tasks, training for, 357–358, 360f
World Health Organization International Classification of Functioning,
Disability and Health (WHO-ICF), 419–420, 420f
World War I, 7, 15, 19, 116–117
World War II, 7, 15–16, 19–20, 116–117
Wound care
for bilateral lower limb amputation, 631–632, 633f
hydrofiber dressings, 33, 34f
immediate postoperative, 352
negative-pressure wound dressings, 32, 32f, 33f
soft dressings for, 31–32
Wound dehiscence, 707–708, 708f
Wound desensitization, for interphalangeal thumb disarticulation, 210
Wound healing, delayed, 707–708, 708f
Wrestling, prostheses for, 376–377, 376f
Wrist arthrodesis, 401
Wrist disarticulation
advantages of, 222–223
complications with, 225–227
for congenital hand deficiencies, 852
current innovations for, 229
disadvantages of, 223
general treatment principles for, 221–222
outcomes with, 227–229
prevalence of, 221
prosthetic considerations for, 233
requirements for, 223
surgical technique for, 223–224, 224f, 227f
Wrists, kinesiology of, 106–108, 108f, 109f, 193–194
Wrist units
aesthetic and cosmetic considerations for, 240, 240f
alignment of, 240
for bilateral amputee, 305, 306f
body-powered, 146–147, 147f, 235–237, 235f

component considerations for, 236–237, 236f, 237f
constant-friction, 147–148, 148f
early, 234–235
externally powered, 184–186, 184f, 185f, 235–237, 236f, 237f
flexion, 150–151, 150f
friction, 147, 147f
immediate, 234, 234f
multifunction, 151, 151f
pediatric, 832–835, 833f, 834f, 835f
preoperative considerations for, 233
preparatory training, 236, 236f
quick-disconnect, 148–149, 149f
rotational, 149–150, 149f
for shoulder prostheses, 290
silicone interface for, 323–324, 325f
socket design for, 238–239, 238f, 239f, 240f
suspension options for, 238, 238f
timetable for, 233–234, 234t
Writing, without prostheses, 735

X
Xerosis, 690–691
X-Finger system, 159–160, 159f, 215, 216f

Y
Yeast infections, 684
Yoga, prostheses for, 367, 367f
Y split harness, 170–171, 171f
Y strap, 162, 238, 496, 496f

Z
Zed Rotary wrist unit, 149f
Z-strap harness modification, 170, 171f
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