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Neurophysiology and Assessment 
of the Proprioception

Defne Kaya, Fatma Duygu Kaya Yertutanol, 
and Mahmut Calik

1.1  Introduction

Julius Caesar Scaliger was the first person who 
described the position-movement sensation as a 
“sense of locomotion” in 1557. After centuries in 
1826, Charles Bell proposed that the information 
about the muscle’s position were sent from muscles 
to brain which is in the opposite direction of motor 
comments. Bell’s idea was noteworthy as explain-
ing one of the first physiologic feedback mecha-
nisms. In 1880, Henry Charlton Bastian suggested 
another term as “kinesthesia” instead of “muscle 
sense” to point out that afferent information was 
originating not only from muscles but also from 
joints, skin, and tendons. Alfred Goldscheider, a 
German neurologist, classified kinesthesia as mus-
cle, tendon, and articular sensitivity in 1889. 
Finally in 1906, Charles Scott Sherrington intro-
duced the terms “proprioception,” “interoception,” 

and “exteroception.” “Exteroceptors” are sense 
organs such as eyes, ears, mouth, and skin that 
receive information from outside of the body, while 
“interoceptors” provide information about internal 
organs. On the other hand, “proprioception” is 
defined as awareness of movement and posture 
derived from muscle, tendon, and joint [1].

Movements of body parts are controlled by 
the functions of somatosensory and sensorimotor 
systems. Collective functioning of these systems 
is essential for an efficient proprioceptive sense. 
A somatosensory system consists of the sensory 
receptors, sensory neurons in the peripheral 
structures, and deeper neurons in the cortical 
structures. Receptors of somatosensory system 
are classified as thermoreceptors, photoreceptors, 
mechanoreceptors, and chemoreceptors. These 
receptors receive peripheral somesthetic 
(somatic) sense such as proprioceptive, tactile, 
thermal, and nociceptive information from skin 
and epithelia, skeletal muscles, bones and joints, 
internal organs, and cardiovascular system and 
transmit them to cortical structures. Meissner’s 
corpuscles, Pacinian corpuscles, Merkel’s disks, 
and Ruffini’s corpuscles which encapsulated 
mechanoreceptors are specialized to provide 
information to the central nervous system about 
touch, pressure, vibration, and cutaneous tension 
[2]. Sensorimotor system functions in a highly 
ordered fashion, where association cortex exe-
cutes general commands and lower levels as 
motor neurons and muscles are interested in the 
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details. This hierarchical arrangement enables 
higher level structures to focus on complex func-
tions. The role of the hierarchically organized 
sensorimotor system is to generate motor output 
that is guided by sensory input and to learn the 
changes of the nature and locus of sensorimotor 
control [3]. On the other hand, sensorimotor sys-
tem is part of the peripheral nervous system asso-
ciated with the voluntary control of body 
movements via skeletal muscles. This system 
consists of efferent nerves which stimulate mus-
cle contraction, including all non-sensory neu-
rons connected with skeletal muscles and skin 
[4]. Sensory information influences the way we 
execute motor responses.

Purpose of this chapter is to introduce neuro-
physiological pathway of the proprioceptive 
sense. Proprioception (metaphorically is also 
called the “sixth sense”), kinesthesia, and neuro-
muscular control are often used interchangeably. 

Proprioceptive sense is more than just a feeling of 
movement, while proprioception represents the 
sense of awareness of joint position and kinesthe-
sia describes the sensation of joint movement (see 
the summary of the proprioception in Fig. 1.1). 
Afferent signals from mechano- and cutaneous 
receptors are important to control joint movement 
(kinesthesia) and joint position (joint position 
sense). Massive proprioceptive input from spe-
cialized nerve endings originating from the mus-
cles, fascia, tendons, ligaments, joints, and skin 
enters the dorsal horn of the spinal cord and is 
carried towards subcortical and cortical parts of 
the brain. Many neural pathways synapse at vari-
ous levels of the nervous system, integrating all 
body position information to provide us with both 
a conscious and a nonconscious sense of where 
we are and how we are moving. We know where 
to place our extremities and how to move 
smoothly, accurately in different positions such as 

Fig. 1.1 Summary of the proprioception

D. Kaya et al.
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standing, sliding, and turning with our eyes closed 
using proprioceptive or position- movement sense. 
In the case of an injury or a trauma, propriocep-
tors can be damaged. There is a discussion on 
whether proprioceptive deficits make individuals 
more vulnerable to injury or not [5]. Loss of this 
inner sense of timing and accuracy will lead to 
more severe injuries to occur and, of course, sim-
ple movements would take up an enormous 
amount of cognitive energy [5, 6].

1.2  Proprioceptive Receptors 
and Pathways

1.2.1  Peripheral Receptors 
and Pathway 
of Proprioception

Mechanoreceptors (proprioceptors) are also 
known as “receptors for self.” Low-threshold 
mechanoreceptors such as muscle spindles, Golgi 
tendon organs, and joint mechanoreceptors receive 
sensory information and provide accurate complex 
body movements. Proprioceptors are also merged 
with the vestibular system to carry information 
about the position and motion of the head.

Muscle spindles are composed of approxi-
mately four to eight specialized intrafusal muscle 
fibers which are arranged in parallel with extra-
fusal fibers. The primary role of muscle spindles 
is to provide information about muscle length. 
Muscles that control fine movements contain 
more muscle spindles than do the muscles that 
control gross movements. Primary innervation is 
carried out by group I axons and the axon termi-
nals are known as the primary sensory ending of 
the muscle spindle. Secondary innervation is pro-
vided by group II axons that innervate the nuclear 
chain fibers and give off a minor branch to the 
nuclear bag fibers. The intrafusal muscle fibers 
are innervated by γ motor neurons, which are 
derived from a pool of specialized neurons in the 
spinal cord. Unlike Golgi tendon organ, the mus-
cle spindle doesn’t relay signals through motor 
cortex; thus it isn’t a feedback loop [7, 8].

Origin and insertion points of Golgi tendon 
organ (GTO), a sensory proprioceptor, are muscle 

fibers and tendons of skeletal muscles, respec-
tively. Motor cortex inhibits muscle contraction in 
case of the excessive tension of the GTO. Muscle 
contractions which stimulate group Ib afferents 
lead the sensory terminals to compress by force. 
Group Ib sensory feedback  generates spinal 
reflexes and supraspinal responses which control 
muscle contraction. Ib afferents synapse with 
interneurons that are within the spinal cord which 
also project to cerebellum and cerebral cortex. 
Golgi tendon organs are involved in cerebellar 
regulation of movement via dorsal and ventral 
spinocerebellar tracts [7, 8].

1.2.2  Ruffini Endings, Pacinian 
Corpuscles, and Golgi-Like 
Receptors Are Joint 
Mechanoreceptors

Ruffini endings, which are constantly reactive 
during joint motion, are slow-adapted and low- 
threshold receptors. Ruffini endings are very 
critical receptors in the regulation of stiffness and 
preparatory control of the muscles around the 
joint because they react to axial loading and ten-
sile strain in the ligament [9]. Pacinian corpus-
cles (deep pressure receptors) (also known as 
lamellar corpuscles) are small, oval bodies that 
are found in deep layers of the skin and close to 
the GTOs. Pacinian corpuscles are rapidly 
adapted, high-threshold receptors and they are 
sensitive to mechanical disturbances such as joint 
acceleration/deceleration. They are also sensitive 
to quick movement and deep pressure [10]. 
Golgi-like ending, belonging to the same family 
as Ruffini ending, is silent during the rest and 
only active at the extremes of joint motion. 
Golgi- like receptors are important in monitoring 
tensile strain in the ligament during ultimate 
angles of joint motion [11].

Peripheral “ligamento-muscular reflexes” are 
also important for organizing peripheral proprio-
ceptive reactions. These spinal reflexes are highly 
complex reactions that maintain adequate motor 
control of the joint [12]. Mono- and polysynaptic 
spinal reflexes between the ligaments in a joint 
and the muscles acting on that joint are well 

1 Neurophysiology and Assessment of the Proprioception
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known and transmitted to the dorsal horn of the 
spinal cord [12, 13]. Monosynaptic reflex (such 
as a H-reflex), which is the fastest (within 20 ms 
after stimulation) and the simplest joint protec-
tive spinal reflex, can carry the peripheral infor-
mation from skin, joints, ligaments, soft tissues, 
and tendons to the dorsal horn and directly stimu-
late the anterior horn for initial appropriate mus-
cle contraction. As known, nerves carrying 
information from peripheral structures have the 
physiological properties necessary to compose 
initial joint protective reflexes. Delayed or earlier 
monosynaptic reflexes can cause uncontrolled 
joint motion and injury [14]. The efferent- 
muscular reaction can be caused by the polysyn-
aptic reflexes with two or more interneurons [15]. 
The reflexes from cortical level are arranged by 
feed-forward inhibition, while reflexes from 
peripheral input are arranged by feed-back inhi-
bition. Additionally, these inhibition systems are 
so critical to arrange the velocity, onset, and ter-
mination of motions. Spinal level reflexes can be 
controlled by muscle activity of the agonist and 
antagonist muscles which are influenced by feed- 
forward and feed-back inhibition systems [16].

1.3  Propriospinal Neurons 
and Pathway 
of Proprioception

Propriospinal system is a system that transmits 
motor inputs from supraspinal centers to moto-
neurons of spinal cord. Neurons of this system 
consist of spinal interneurons with their soma 
located in grey matter and their axons constitute 
white matter of spinal cord and terminate within 
it. These propriospinal neurons are settled rostral 
to motoneurons of spinal cord and can project to 
different locations like other spinal segments 
(intersegmental) or within that segment (intra-
segmental). In contrary to the definition, it is 
important to note that some propriospinal neu-
rons can also project to supraspinal areas [17].

Most of the studies related to propriospinal 
system come from studies on cats. Data coming 

from human studies are limited compared to ani-
mal studies. There are two basic kinds of pro-
priospinal neurons: short axon propriospinal 
neurons and long axon propriospinal neurons 
[18]. Short axon propriospinal neurons project to 
within six spinal segments, whereas long axon 
propriospinal neurons reach beyond six spinal 
segments [18].

Short axon propriospinal projections may be 
classified as cervical and lumbosacral propriospi-
nal projections, short thoracic propriospinal pro-
jections, and thoracic respiratory interneurons 
[18]. Cervical propriospinal projection which is 
also known as C3–C4 premotoneuronal system 
was defined in cats to mediate target-reaching 
movements [19]. The same system is thought to 
modulate corticospinal input to upper limb in 
humans [19]. On the other hand lumbosacral pro-
priospinal projections transmit descending inputs 
to lower limb motoneurons. Short thoracic pro-
priospinal projections were implicated for the 
control of axial muscles and thoracic respiratory 
interneurons were shown to receive respiratory 
drive to coordinate respiratory movements [18].

Long axon propriospinal projections are 
divided into long descending propriospinal tract 
projections, long ascending propriospinal tract 
projections, and upper cervical inspiratory inter-
neurons [18]. Long descending propriospinal 
tract neurons are located in the cervical enlarge-
ment and project to the lumbosacral enlargement 
whereas long ascending propriospinal tract pro-
jections are located in the lumbosacral enlarge-
ment and project to the cervical enlargement. 
These neurons are thought to coordinate limb 
movements reciprocally during locomotion [17]. 
Upper cervical inspiratory interneurons project to 
intercostal and phrenic motoneurons and 
 modulate inputs of brain stem to respiratory 
motoneurons [20].

In summary, the role of propriospinal system 
is to modulate descending and peripheral inputs 
for locomotion and autonomic and respiratory 
functions [18]. Thus, it functions as an integrat-
ing system for the inputs of cortical structures 
and the afferent feedback from limbs [19].

D. Kaya et al.
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1.4  Cortical Receptors 
and Pathway 
of Proprioception

The excitatory and inhibitor synapses with 
afferent neurons help to carry peripheral pro-
prioceptive information to higher cortical levels. 
Muscle, skin, ligament, and joint afferents 
and descending pathways are like a busy net-
work of motorways. Somatosensorial informa-
tion, which is sent from peripheral receptors via 
sensory nerves and tracts, is interpreted in the 
primary somatosensory area in the parietal lobe 
of cerebral cortex [2]. There are three neurons in 
somatosensory pathway. The first neuron is in 
dorsal root ganglion of spinal nerve. Ascending 
axons of the second neuron, which is in spinal 
cord, decussate to opposite side in the spinal 
cord. Axons of many of these neurons terminate 
in thalamus; others terminate in the reticular 
system or cerebellum. The third neuron is in 
thalamus and ends in postcentral gyrus of pari-
etal lobe [21].

Corticospinal tract is the descending link 
between motor cortex and alfa and gamma motor 
neurons [22]. The kinesthetic information from 
muscle afferents of upper limbs is carried to cor-
tex by dorsal (posterior) columns. The kines-
thetic information from muscle afferents of lower 
limbs is carried to cortex by Clarke’s column and 
dorsal spinocerebellar tract. The ascending path-
ways in spinal cord such as the dorsal column 
medial lemniscal and the ventral spinothalamic 
pathways carry information from body to brain 
and make a synapse in thalamus or reticular for-
mation, before they reach cortex. The role of ven-
tral and dorsal spinocerebellar tracts, which 
project to cerebellum, is to control posture and 
balance [21]. Cerebellum is responsible for coor-
dinated motor movement. Cerebellum plans and 
modifies motor activities via spinocerebellar 
tract, which has a role in the regulation of 
gamma-MN drive to muscle spindles [23]. 
Spinocerebellar tract can carry peripheral infor-
mation from skin, joint structures, and muscles to 
medulla, cerebellum, and dorsal column. 

Kinesthesia and joint position sense (independent 
of vision) are provided by intact and appropriate 
cerebellar function, which is influenced by 
peripheral information from muscle spindles and 
skin-stretch receptors [24] (see the summary of 
supraspinal reactions of proprioception in 
Fig. 1.2).

1.5  Peripheral Assessment 
Techniques 
of Proprioception

Proprioceptive measurements are performed to 
assess the quality of the proprioceptive function. 
Measurements are usually based on testing the 
quality of perception for some of the above- 
mentioned deep sense by CNS in various ways. 
However a highly appreciated by all researchers 
in proprioception measurements, practical,  easily 
repeatable testing method that provides complete 
measurement of perception or response is not 
developed yet. The most frequent proprioception 
measurement methods following orthopedic 
injury/surgery/rehabilitation are joint position 
reproduction (JPR)—also known as joint posi-
tion matching—threshold to detection of passive 
motion (TTDPM), and active movement extent 
discrimination assessment (AMEDA) [25]. Joint 
position sense, kinesthesia, and tension (force) 
sense are considered as subtitles of conscious 
proprioceptive sense and evaluated by using vari-
ous techniques. Proprioceptive sense is usually 
evaluated both with and without body weight on 
the extremity. While performing the test using 
weight on the extremity, functional position is 
used; therefore proprioceptive information 
received due to compression would be more [26]. 
Joint position sense is tested in such a way that 
the patient actively and passively repeats the 
tested degree. Joint position sense test measures 
the certainty of repeatability of a particular posi-
tion and performed actively and passively both 
open and closed kinetic chain positions. 
Repeating joint degrees are measured with direct 
(goniometer, potentiometer, video) and indirect 
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(visual analog criterion) methods. Kinesthesia is 
evaluated by measuring threshold value for deter-
mining passive movement and more exclusively 
by finding out the threshold value of direction of 
movement. Accordingly not only the movement 
is defined but also the direction of the movement 
that generated. Tension (force) sense is measured 
by comparing the ability of people to repeat the 
magnitudes of torque that is produced under dif-
ferent circumstances by a group of muscles. To 
evaluate conscious proprioception, devices are 
built that follow various isokinetic dynamome-
ters and electromagnetic trail. The objective of 
future studies is to verify conscious propriocep-
tive tension by measuring afferent pathway action 
potentials simultaneously (e.g., microneurogra-
phy) and to compare the lack of sensorimotor 
control on dynamic joint stability and reduction 
in conscious proprioception [27]. Either rate of 

perception or tension of movement is measured 
in proprioception tests. Vibration sense is as 
much important as other deep senses in perceiv-
ing a joint’s position, movement, and forces 
effecting on that joint. Basic studies showed that 
low-frequency vibration is perceived with 
Meissner’s corpuscles and high-frequency vibra-
tion is perceived with Pacini corpuscles and thus 
is participated in the proprioceptive process 
[28]. Gilman [29] stated that the neural paths of 
position and vibration senses are same; how-
ever, mechanoreceptors that perceive these 
senses are different, in some of the diseases, and 
receptors of one sense can be kept healthy while 
receptors of the other sense are damaged. 
Vibration is explained in such a way that it 
affects both kinesthesia and position sense and 
participates in proprioceptive process directly 
[30, 31].

Fig. 1.2 Summary of the cortical pathways of the proprioception

D. Kaya et al.
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1.6  Cortical Assessment 
Techniques of Proprioception

Joint mechanoreceptors are negatively affected 
after injury and/or surgery. A few studies showed 
decreased somatosensory evoked potentials 

(SEPs) after anterior cruciate ligament injury 
and/or surgery [32, 33].

Electroencephalography (EEG) and func-
tional magnetic resonance imaging (fMRI) tech-
niques were used to determine decreased 
proprioceptive sense after injury and/or surgery 
at cortical level in very limited number of studies 
[34, 35]. Using EEG and fMRI techniques, the 
pattern of whole-brain activity during motion of 
isolated joints of lower limb, the somatotopic 
organization of lower limb joint representations 
in primary sensorimotor cortex and anterior lobe 
of the cerebellum, and the degree of overlap 
between these lower limb joint activations should 
be investigated [34, 36]. Large prospective longi-
tudinal studies are needed to detect the influence 
of cortical and peripheral proprioceptive sense 
after injury and/or surgery.

Key Knowledge

Active joint degree repetition is objectively 
evaluated using isokinetic system. Before 
undergoing the test, normal warming pro-
cess should be performed, person should be 
blindfolded through the test, and distal part 
of its extremity should be put into pressure 
splint. The degree to be evaluated must be 
shown to the person eyes-open and blind-
folded three times before the test. Six times 
repetition of each degree is necessary and 
the result will be their averages.

Passive joint degree repetition is objec-
tively evaluated using isokinetic system. 
Before undergoing the test, normal warm-
ing process should be performed, person 
should be blindfolded through the test, and 
distal part of its extremity should be put 
into pressure splint. Data collection begins 
with the joint placed in a starting position 
of 0°. The test begins with the tester pas-
sively moving the test limb into a position 
of target (reference) angle and maintaining 
that position for 10 s. After 10 s of static 
positioning, the joint is moved back pas-
sively from the target angle to the starting 
position. The subject is asked to passively 
reproduce the previously presented test 
angle as a target (reference) angle. Six tri-
als are performed on each joint, with a 
mean value in degrees of passive move-
ment calculated. Passive movement speed 
should be at 0.50° or less. Angular dis-
placement is recorded as the error in 
degrees between the target angle and the 
repositioned angle. The mean of the six tri-
als for each tested condition is calculated to 
determine an average error in scores.

Practical Key Points

Example 1: Ankle Joint Position Sense 
Measurement Technique:

Proprioception level after endoscopically 
guided percutaneous Achilles tendon [37].

Ankle proprioception was defined as the 
ability to match reference ankle joint angles 
(the “target angle”) without visual feed-
back. Joint position sense was measured by 
active angle reproduction (AAR) using a 
Biodex system 3 dynamometer (Biodex 
Corp., Shirley, NY, USA). The dynamom-
eter was calibrated according to the manu-
facturer’s instructions prior to each testing 
session; data were read from the on-screen 
goniometer. Patients sat upright with knee 
flexed to approximately 20, the seat back 
tilted 100, and their barefoot in a neutral 
position. They were asked to close their 
eyes during testing to eliminate visual 
input. For each repetition, the patients 
moved their limb to the target angle of 
either 10 for dorsiflexion or 15 for plantar 
flexion actively. These midrange angles 
were selected in an attempt to maximize 
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2.1  Introduction

In their comparative model study, Freeman and 
Wyke [1] confirmed that activation of ankle 
joint mechanoreceptors in lightly anesthetized, 
neutrally intact cats leads to reciprocally coor-
dinated leg muscle motor unit reflex activation 
changes. Destruction of articular mechanorecep-
tors or interruption of their afferent nerve fibers 
was found to abolish these reflexes during pas-
sive ankle joint movement [1]. Study findings 

 supported the contention that articular mecha-
noreceptor reflexes functioned polysynaptically 
through the gamma motor neuron loop to control 
leg muscle tone and coordinate standing posture 
and movement [1].

Appreciation for the close synergism between 
capsuloligamentous and musculotendinous struc-
tures to maintain dynamic joint stability contin-
ues to grow [2–4]. The application of significant 
loads to ligament-embedded mechanorecep-
tors transmits neural signals via articular nerves 
directly to the central nervous system where 
synapses activate select muscles crossing the 
ankle joint to dynamically stiffen it, preserving 
dynamic joint stability. Restoration of dynamic 
joint stability is an essential component of func-
tional rehabilitation programs.

2.2  Foot-Subtalar-Ankle 
Functional Anatomy

In the cat, a reflex arc exists from ankle del-
toid ligament mechanoreceptors to the intrinsic 
muscles of the foot [4]. Pyar [5] first proposed 
the existence of a “ligamento-muscular pro-
tective reflex.” In humans, as the deltoid liga-
ment becomes stressed with eversion of the 
foot, intrinsic foot muscles such as the quadra-
tus plantae, flexor digitorum brevis, abductor 
digiti minimi, and the halluces are activated to 
increase dynamic foot stability, control align-
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ment,  regulate the rate of pronation, and maintain 
foot arch height, thereby relieving deltoid liga-
ment stress [6]. Such a function provides a direct 
response to the instability created by the eversion 
and the biomechanical foundation that explains 
the reflex. The intrinsic foot muscles act as a sin-
gle functional unit, are mostly active throughout 
the stance phase (from heel strike to toe off) and 
are highly active during toe off. Anatomically 
and biomechanically, these muscles, along with 
the lower leg muscles, stabilize the talonavicu-
lar, calcaneocuboid, and metatarsophalangeal 
joints. By stabilizing various foot joints, the arch 
is maintained during the weight-bearing portion 
of gait, thus preventing the load from flattening 
the foot, creating eversion stresses that increase 
mechanical instability [4, 7]. It is important to 
note that although the intrinsic foot muscles do 
not cross the ankle, they have a powerful effect 
on keeping the ankle, subtalar, and adjacent foot 
joints aligned and stable in the face of loads and 
forces that may cause eversion instability. This is 
in contrast to the ligamento-muscular reflex arcs 
that have been described at the knee and shoul-
der, which always make use of muscles that cross 
the joint to mitigate tibiofemoral or glenohumeral 
capsuloligamentous joint stresses, respectively.

2.3  Foot Mechanoreception

The detection of mechanical stimuli by the foot 
is vital to balance control during standing and 
walking in healthy subjects [8]. Clinically, sen-
sory malfunction at the foot may cause substan-
tial impairments and compensatory postures and 
movements, as in cases of patients with diabe-
tes who suffer from neuropathic conditions. For 
standing balance control, especially under eyes- 
closed and unipedal stance conditions, foot-sole 
anesthesia increases the center of pressure length 
displacement and velocity and thus influences 
mediolateral as well as anteroposterior posture 
control [9].

Using Semmes-Weinstein monofilament test 
methods (Fig. 2.1), Hennig and Sterzing [10] 
reported that the least sensitive foot touch regions 
are the heel (P1), followed by the most proximal 

site on the foot dorsum (D1), the medial and lateral 
malleoli (M1, L1), and the Achilles tendon (A1) 
(Fig. 2.2a, b). The medial longitudinal arch (P2) 
and the plantar (P8, P9, and P10) as well as the 
dorsal (D8, D9, D10) toe regions are the most sen-
sitive touch regions. The most sensitive sites for 
vibration recognition are the heel and medial mid-
foot area below the longitudinal arch (P1, P2, P3).

Fast-adapting mechanoreceptors which are 
particularly sensitive to sudden skin displacement 
changes are vital during initial foot strike [10]. 
Studies have reported [10, 12] a lower density of 
slowly adapting (Ruffini) mechanoreceptors com-
pared to fast-adapting (Pacini) mechanoreceptors 
in the foot heel region. The vibration sensitivi-
ties of all plantar locations, except for the toes, 
had the lowest threshold values. These are struc-
tures that are essential to the recognition of foot 
placement throughout the contact phase of gait. 
Unevenness of the ground and unexpected slips 
can be detected by fast- adapting skin mechano-
receptors that serve as a feedback mechanism for 
balance maintenance and/or recovery. Kennedy 
and Inglis [12] reported that 70% of the mecha-
noreceptors under the foot represented the fast-
adapting (Pacini) type. The recognition of sudden 
load and displacement changes under the foot is 
an important component of whole-body neuromo-

Fig. 2.1 Semmes-Weinstein monofilament sensory test 
instruments
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tor adjustments and learning [10]. Rehabilitation 
clinicians need to better consider these kinesio-
logical relationships when designing therapeutic 

exercise programs for individuals who may have 
lower extremity neurosensory impairments.

Combined study findings [10, 12] suggest that 
vibration threshold sensitivity and therefore fast- 
adapting mechanoreceptor function are impor-
tant in assisting balance control and movement 
adjustment during human locomotion. From the 
vibration sensitivity results, it appears that those 
structures which provide the least mechanore-
ceptor information about foot placement dur-
ing ground contact show the lowest sensitivities. 
These are the medial and lateral malleolus (M1, 
L1), the dorsal area above the ankle (D1), and 
the Achilles tendon (A1). When wearing shoes, 
even the dorsal skin receptors provide useful 
information about foot position and behavior dur-
ing ground contact. The least important sites for 
sensory feedback during ground contact D1, M1, 
L1, and A1 show the highest threshold values for 
touch as well as vibro-tactile stimuli. These ana-
tomical locations have little functional importance 
for foot placement recognition. Based on this 
foot sensitivity map, a more systematic footwear, 
ankle-foot brace, or taping/support modification 
process may be considered to improve peripheral 
sensory feedback to the brain for better balance 
control during standing, locomotion, and athletic 
movement performance [10]. This foot sensitivity 
map helps improve our understanding of the vital 
role the foot serves as a  sensory organ [10, 13] 
in addition to a source of load transfer, postural 
control, and movement generation.

2.4  Subtalar-Ankle Joint Region 
Mechanoreception

Using gold chloride technique, Michelson and 
Hutchins [14] observed mechanoreceptors in all 
the examined human ankle ligaments and in peri- 
ligamentous connective tissue. Within the liga-
ment, the mechanoreceptors tended to be located 
in connective tissue like septa which penetrated 
the ligaments. Using the classification system of 
Freeman and Wyke [1, 15], three of their four types 
of mechanoreceptors were detected in each ankle 
ligament (superficial and deep anterior talofibular, 
calcaneofibular, posterior talofibular, and deltoid).
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Fig. 2.2 (a) (medial view) and (b) (lateral view). 
Semmes-Weinstein filament test locations [11]. P1 = heel, 
P2 = medial arch, P3 = intermediate arch, P4 = lateral 
arch, P5 = first metatarsal head, P6 = third metatarsal 
head, P7 = fifth metatarsal head, P8 = center of hallux, 
P9 = distal phalanx 3 (not shown), P10 = distal phalanx 5 
(not shown); D1 = articularis talocruralis, D2 = first meta-
tarsal base, D3 = third metatarsal base, D4 = fifth metatar-
sal base, D5 = first metatarsal head, D6 = third metatarsal 
head, D7 = fifth metatarsal head, D8 = doral distal pha-
lanx 1, D9 = dorsal distal phalanx 3, D10 = dorsal distal 
phalanx 5; M1 = medial malleolus, M2 = medial calca-
neus, M3 = base of navicular, M4 = base of first metatar-
sal, M5 = head of first metatarsal; L1 = lateral malleolus, 
L2 = lateral calcaneus, L3 = base of fifth metatarsal, 
L4 = head of fifth metatarsal [11]
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Type I (Ruffini), thinly encapsulated globu-
lar mechanoreceptors were observed in all liga-
ments, but at a low frequency. Type II (Pacini), 
thickly encapsulated, more conical mechanore-
ceptors, thought to have a proprioceptive func-
tion, were the most common in all of the ankle 
ligaments. Type III (Golgi), thinly encapsulated 
fusiform mechanoreceptors were also observed 
in relatively high frequency in all ankle liga-
ments. There was no discernable segregation of 
mechanoreceptors within the ligaments, with 
several different types being observed in close 
proximity to one another [14]. Type I (Ruffini) 
mechanoreceptors were identified in small num-
bers throughout all five ankle ligaments with no 
frequency difference between ligaments. Type II 
(Pacini) and type III (Golgi) mechanoreceptors 
were observed with significantly greater frequen-
cies than type I (Ruffini) in all ankle ligaments. 
The distribution of type II (Pacini) and type III 
(Golgi) mechanoreceptors was similar in all five 
ligaments; however the calcaneofibular ligament 
and the superficial deltoid ligament had the low-
est density of these types. The difference between 
the superficial deltoid ligament and all other liga-
ments except the calcaneofibular ligament was 
significant. With respect to the calcaneofibular 
ligament, only the posterior talofibular ligament 
had significantly more type II (Pacini) or type III 
(Golgi) mechanoreceptors. Detailed examina-
tion of mechanoreceptor distribution within each 
ligament revealed no differences which could be 
related either to proximity to bone insertions or to 
depth within a ligament.

Using similar laboratory techniques, mecha-
noreceptors identified in the ankle ligaments of 
the feline [1] and humans [14] are mostly type II 
(Pacini) and type III (Golgi). In summary, these 
mechanoreceptor types were significantly more 
abundant than type I (Ruffini) mechanoreceptors 
in each individual ankle ligament, and in all ankle 
ligaments taken together. Since type I (Ruffini) 
mechanoreceptors probably mediate postural 
sense, it would appear that very few mechano-
receptors are required for the conveyance of 
 static position at the ankle joint. In contrast, the 
 abundance of type II (Pacini) mechanoreceptors 
in the ankle ligaments, which sense joint move-

ment initiation, and type III (Golgi) mechano-
receptors which are more active at extremes of 
joint movement is consistent with the theory 
that they help alert the central nervous system 
to movement initiation and extremes of ankle 
joint movement, respectively. In a later study of 
human ankle ligaments using similar laboratory 
techniques, Wu et al. [16] reported that type II 
(Pacini) mechanoreceptors represented the pre-
dominant type in the ankle ligaments that they 
tested (anterior talofibular, posterior talofibular, 
and calcaneofibular).

In addition to movement initiation detection, 
type II (Pacini) mechanoreceptors have been 
associated with glomerular arteriovenous anas-
tomoses [17–19]. When the vascular relationship 
between this mechanoreceptor type and an arte-
riovenous anastomosis is disturbed, a new mech-
anoreceptor is formed by retrograde growth on 
the same axon and the previous mechanoreceptor 
undergoes involution [17]. Type II (Pacini) mech-
anoreceptors can undergo morphologic changes 
in response to chemical, physical (trauma), 
and physiologic (vascular) stimuli. Neoplastic 
changes in type II (Pacini) mechanoreceptors can 
also be involved in sensory nerve compression 
syndromes.

Also using gold chloride laboratory meth-
ods and classification system, Moraes et al. [20] 
reported slightly different results. Although 
Michelson and Hutchins [14] did not identify type 
I (Ruffini) mechanoreceptors, this study identi-
fied their presence. Although they displayed less 
density than type II (Pacini) mechanoreceptors, 
in general they displayed a similar density as type 
III (Golgi) mechanoreceptors. Likewise, they did 
not identify any significant mechanoreceptor type 
density differences between the anterotalofibular, 
calcaneofibular, and posterotalofibular ligaments.

More recently, using enhanced laboratory 
methods, and the same classification system to 
evaluate human ankle ligament mechanoreceptor 
densities, Rein et al. [21, 22] reported a greater 
density of type IV (pain receptor/free nerve end-
ings) in all ligaments compared to the other mech-
anoreceptor types, particularly in the lateral and 
medial ankle ligament complexes. Specifically, 
the inferior extensor retinaculum lateral root 
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 displayed significantly more type IV mechano-
receptors and blood vessels than the canalis tarsi 
ligament (interosseous talocalcaneal ligament). 
The next more prevalent types in order of decreas-
ing densities were type I (Ruffini), unclassifiable 
mechanoreceptors, type II (Pacini), and type III 
(Golgi) mechanoreceptors. Comparatively fewer 
type III (Golgi) mechanoreceptors were identi-
fied. Type I (Ruffini) mechanoreceptors were 
much more prevalent in the anterior tibiofibular 
ligament than in the medial complex and were 
more common than type II (Pacini) and type III 
(Golgi) mechanoreceptors in the lateral, medial, 
and sinus tarsi ligamentous complexes. There was 
also a significant negative correlation between 
type I (Ruffini) and unclassifiable mechanorecep-
tor densities and age.

As Golgi-like endings detect extreme joint 
movement ranges, they tend to appear more often 
in ligaments of big joints such as within the cru-
ciate ligaments of the knee than in the ligaments 
of smaller joints [3]. In conclusion, sensory nerve 
endings were primarily located close to the ankle 
ligament bone insertion and the epiligamentous 
region. Several other studies at the ankle [20, 23] 
and other joints [24–26] have identified the high-
est mechanoreceptor densities near bony liga-
ment insertions. Takabayashi et al. [23] reported 

that 93% of the mechanoreceptors in cat lateral 
ankle ligaments were located near the fibular and 
calcaneus attachments. This polar distribution of 
mechanoreceptors allows them to act more sensi-
tively as ligament tension monitors [23]. Based on 
studies such as these, it is clear that proprioceptive 
senses in terms of pain, joint position, movement, 
and detection of extreme injurious movements are 
each important at the ankle joint [27]. Clinicians 
are reminded to use care when attempting to inter-
pret histological study findings based on differing 
study methods, or when attempting to extrapo-
late the findings of comparative animal studies to 
rehabilitation program planning.

2.5  Foot-Subtalar-Ankle Joint 
Contributions to Standing 
Balance and Neuromuscular 
Postural Control

Human upright postural stabilization is deter-
mined by central nervous system control strat-
egies partially based on the visual, vestibular, 
and somatosensory afferent information that it 
receives [28–32]. The ensuing motor response 
attempts to match the ensemble cognitive 
appraisal of this sensory input (Fig. 2.3).
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Fig. 2.3 Lower leg neuromuscular postural control model. Adapted from [4]
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Ankle sprains are a common sports injury, with 
the vast majority of these injuries affecting the 
lateral ankle ligaments [33, 34]. Proprioception is 
a critical part of ankle and subtalar joint stability 
[7]. Since ligaments are more resistant to sprains 
close to their insertions, this better ensures that 
mechanoreceptor activation is triggered only by 
potentially noxious motions, remaining silent 
during ordinary joint activity [4]. Neurovascular 
elements near the bony ligament insertions may 
also be of importance to tissue healing following 
injury; therefore ligamentous insertion regions 
should be conserved during surgery [24, 35]. 
The elastic properties of lower leg tendons such 
as the Achilles tendon are well known, and their 
importance in running and jumping movements 
has been widely investigated and discussed [36, 
37]. It is also well known that muscle spindle 
afferent responses may increase with increasing 
muscle or musculotendinous length or with a 
decrease in contractile force production [38–41]. 
However, the exact relationship between the joint 
capsuloligamentous mechanoreceptor activation 
and the precise manner in which muscle spindle 
responses contribute to composite lower extrem-
ity dynamic stability is less understood.

During weight bearing, unstable stance when 
leaning backward or forward involves activation 
of ventral muscles such as the tibialis anterior 
and quadriceps femoris or dorsal muscles such 
as the gluteus maximus and semitendinosus, 
 respectively. Each of these events increases the 
demand for strong activation discharges from 
both primary and secondary muscle spindles due 
to co- activated gamma motor drive [42]. These 
neuromuscular responses, initiated by descend-
ing motor neuron activation, can be maintained 
by gradually increasing gamma motor neuron 
excitation and its influence on secondary muscle 
spindle activation levels [42, 43]. Secondary 
muscle spindle activation then links muscle 
groups acting at one joint to muscle groups oper-
ating at another adjacent joint (such as secondary 
muscle spindles from ankle plantar and dorsiflex-
ors influencing both quadriceps and hamstring 
motor neurons at the knee) [43]. Selection of the 

appropriate heteronymous group II pathway for a 
given postural task, for example, quadriceps fem-
oris activation but not hamstring activation while 
leaning backwards, might be ensured by the par-
allel activation of inhibitory pathways preventing 
the activation of muscles not required in this task 
[42, 43]. Several neural pathways may contrib-
ute to such a converging action: primary afferent 
depolarization interneurons and noradrenaline- 
releasing neurons activated from the brain stem, 
corticospinal activation of feedback inhibitory 
interneurons inhibiting lumbar propriospinal 
neurons [44], and selective control of heterony-
mous recurrent inhibition [45].

Because they are at the boundary between the 
body and the ground, the cutaneous mechanore-
ceptors of the soles play an important role in bal-
ance control [46]. Tactile messages from various 
foot areas contribute to balance control. Whole- 
body tilts occur when high-frequency vibration 
is applied to the skin covering the main foot sup-
porting areas in a standing subject. Vibration- 
induced sensory messages from cutaneous and/
or muscle proprioceptive receptors can provoke 
compensatory whole-body motor responses to 
regulate upright posture. This is functionally con-
sistent with the fact that every inclination of the 
body in a given direction causes a lengthening of 
some specific muscles, which is coupled with a 
pressure increase in one or various particular sole 
areas [46].

As the lateral ankle ligaments are weaker than 
the medial ligaments and the invertor muscles 
are collectively stronger than the evertor mus-
cles, the lateral ligaments are more likely to be 
injured, representing approximately 85% of total 
ankle sprain events [33]. However, both labora-
tory and clinical studies suggest that in many 
patients mechanical laxity may not correlate 
with functional or dynamic joint instability [47]. 
Although muscle spindles are well recognized 
for their role in detecting muscle stretch, they 
are considerably more complex, having a highly 
modifiable sensitivity to distinguish the immedi-
ate muscle length, changes in length, and veloc-
ity at which the muscle changes length [40]. 
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During ankle anterior translation, Needle et al. 
[47] observed that nerve activity from muscle 
afferents increased at each level of force up to 
90 N in healthy ankles. However, in mechani-
cally unstable ankles, it did not increase until 
60 N of anterior force was applied. Additionally, 
the amplitude of sensory traffic was less in the 
unstable ankles at 30 N of anterior force. These 
findings suggest that in patients with mechani-
cal ankle instability, muscle spindles display a 
diminished response at lower levels of joint force 
compared to healthy ankles. This diminished 
response could potentially explain a mechanism 
by which patients with ankle mechanical insta-
bility are unable to properly detect force changes 
in the early stages of an impending rollover 
event. The signal from the muscle spindle affer-
ent is directly influenced by sensory information 
from capsuloligamentous and musculotendinous 
mechanoreceptors. The researchers speculated 
that the decreased muscle spindle response in 
mechanically unstable ankles at lower tension 
force levels might be from decreased gamma 
motor neuron drive [47]. Preexisting capsulo-
ligamentous mechanoreceptor injury could lead 
to decreased reflexive gamma motor drive and, 
therefore, less sensitive muscle spindle function 
when muscle length and tension changes occur, 
especially at low joint loads [47]. Following 
ankle sprain injury, injured mechanoreceptors 
may not repopulate the capsuloligamentous 
tissue in similar kind, quantity, and quality as 
before the injury [14, 23].

Repetitive capsuloligamentous ankle injury 
may also decrease ankle evertor musculotendi-
nous Golgi tendon organ responses to low ten-
sion forces [23]. Prior to ankle injury, Golgi 
tendon organs can generally detect loads as low 
as 5 N and typically provide excitatory feedback 
to muscle spindles [48]. Additionally, the poten-
tial for plastic changes in the central nervous 
system at the spinal or supraspinal level after 
ligamentous injury could result in decreased 
gamma motor drive to muscle spindles, lower-
ing their sensitivity to capsuloligamentous joint 
loading [3, 11, 49].

2.6  Therapeutic Interventions 
to Enhance Whole-Body 
Neuromuscular Postural 
Control Through the Foot

Through cutaneous mechanoreceptor activation, 
simple athletic tape application can help prevent 
sudden ankle inversion [50] and plantar flexion 
[34]. Ankle joint proprioception has a stronger 
relationship with sport performance and com-
petitive level than shoulder or spinal propriocep-
tion [51]. Although athletic taping may improve 
proprioception through enhanced cutaneous 
mechanoreception, and both taping and brac-
ing may help improve mechanical joint stabil-
ity, active interventions, such as wobble or roller 
board training, are much more likely to improve 
dynamic, neuromuscularly controlled ankle joint 
stability [51]. Additionally, through a crossover 
effect, the benefits of dynamic or functional ankle 
joint stabilization training at the uninjured lower 
extremity can be transferred to the injured side 
through a central nervous system crossover train-
ing effect [51]. Since they have different effects 
on passive resistive torque and tendon stiff-
ness, both static and dynamic musculotendinous 
stretching should be considered for training and 
rehabilitation purposes [52]. Subtalar joint posi-
tion should be maintained in neutral alignment 
to focus the stretch on the muscular system that 
contributes to the Achilles tendon [53]. The need 
for bilateral lower extremity training following 
ankle injury cannot be emphasized enough.

To efficiently determine the influence of 
chronic ankle instability on functional movement 
patterns, Hertel et al. [54] determined that Star 
Excursion Balance Test performance  moving 
the non-injured lower extremity as far as pos-
sible in anteromedial, medial, and posteromedial 
directions provided an accurate  representation 
of performance deficits at the weight-bearing, 
injured ankle. Of all eight directions, moving 
the non- injured lower extremity as far as pos-
sible in the posteromedial direction was the 
single best functional performance capability 
indicator [54].
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The return-to-play decision-making process 
following ankle injuries should include a variety 
of function tests. These include the dorsiflexion 
lunge test which confirms that sufficient ankle 
dorsiflexion during weight bearing exists to pre-
vent adjacent lower extremity joint and neuromus-
cular compensations. If the foot cannot assume a 
position of at least 9–10 cm away from the wall 
at which the flexed knee is positioned, and if the 
tibial shaft angle is less than 35–38° anterior to 
the vertical axis, restricted ankle motion predic-
tive of future ankle injury exists [55]. The agility 
T test is a standardized evaluation used to evalu-
ate subject multidirectional agility while running 
through a prescribed course. High reliability has 
been demonstrated with the standardized test 
with average, non-injured test times ranging 
from 8.9 to 13.5 s [55]. The vertical jump test 
evaluates explosive power during single- or dou-
ble-leg vertical jump performance. It also allows 
the rehabilitation clinician to verify the subject’s 
willingness to perform a controlled single- or 
double-leg landing without evidence of maladap-
tive compensations such as favoring the injured 

side or hesitance to attempt the task. In addition 
to physical performance readiness indicators, 
it is important that the rehabilitation clinician 
determine a subject’s psychological readiness. 
Subjects should not display fear, or lack relevant 
task-specific confidence (Fig. 2.4a, b). Surveys 
such as the Trait Sport Confidence Inventory, the 
State Sport Confidence Inventory, and the Injury-
Psychological Readiness to Return to Sport Scale 
are evidence-based tools that enable psychologi-
cal readiness evaluation following lower extrem-
ity injury [55].

The foot core system described by McKeon 
et al. [6] parallels core development in the foot 
with core development in the axial-pelvic sys-
tem. In this system, the “core” is made up of 
local plantar intrinsic muscles that both origi-
nate and insert within the foot. These muscles 
generally have small moment arms and small 
cross- sectional areas and serve primarily to sta-
bilize foot arches. Foot core training focuses on 
activating these intrinsic plantar foot muscles to 
improve dynamic longitudinal foot arch control. 
Exercises progress from sitting to full weight-

a b

Fig. 2.4 (a and b) In addition to restoration of foot- ankle- 
subtalar joint segmental range of motion, strength, pro-
prioception, and neuromuscular control (a), it is essential 

that the patient improves their task confidence, and mini-
mizes fear of movement (b)
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bearing, standing positions. Impaired function 
of these stabilizers can adversely influence more 
proximal lower extremity and trunk function. 
With each footstep, the four layers of intrinsic 
muscles help control the magnitude and veloc-
ity of foot arch deformation. When they are not 
functioning properly, the foundation becomes 
unstable, and malaligned. When this occurs, 
the lower extremity mechanical loading axis 
changes position, and abnormal, potentially 
injurious movements ensue. This may mani-
fest in foot-related problems. Plantar fasciitis is 
one of the most common overuse injuries of the 
foot. The importance of intrinsic foot muscles to 
control the foot arches and their significance to 
whole-body function are underappreciated. The 
description of “short foot” or “foot core” neu-
romuscular control exercises provides a frame-
work for ankle-foot dynamic stability regulation 
that may improve both performance and lower 
extremity injury prevention. An advanced form 
of foot core training is barefoot running which 
may enhance whole-body postural stability 
when performed correctly.

Patients with mechanical ankle instability who 
participated in postural control [56], proprioception 
[57–59], or balance [60] focused exercises have 
demonstrated improved function based on Star 
Excursion Test, position sense, and associated pos-
tural control or sway measurements. Docherty et al. 
[61] reported that lateral hop test performance times 
among subjects with functional ankle instability 
were more valid return-to-play readiness indicators 
than single- leg hop or up-down hop tests.

2.7  Proprioception After Foot 
and Ankle Surgery

There is no consensus about proprioception level 
changes following foot-ankle surgical procedures 
such as internal fracture fixation, chondral repair 
of the talus, ligament repair, Achilles tendon 
repair, or arthroplasty. The majority of clinical 
studies following these interventions focus on 
neurosensory balance responses, not isolated 
joint proprioceptive sense.

2.8  Proprioception After 
Ligament Repair

Patients with unilateral chronic ankle instability are 
known to experience significant proprioceptive defi-
cits compared to the contralateral side, or compared 
to a healthy control group [62]. The Hemi-Castaing 
ligamentoplasty technique uses a an approximately 
8 cm, half-diameter peroneus brevis tendon graft 
with an intact distal insertion to reconstruct the 
lateral ankle ligament complex. Small ankle joint 
proprioceptive deficits have been reported at a 
minimum of six months post-surgery using this 
procedure [63]. Poor unilateral balance scores were 
correlated with the surgical side proprioception def-
icit. Balance and proprioceptive training exercises 
are essential for patients with chronic lateral ankle 
instability and for those who have undergone surgi-
cal lateral ankle ligament reconstruction.

2.9  Proprioception After Achilles 
Tendon Repair

Achilles tendon injury and surgery may lead to an 
ankle joint proprioception deficit. Kaya et al. [64] 
assessed patients at least one year following per-
cutaneous Achilles tendon repair. They reported 
that ankle joint position sense at 10° dorsiflexion 
did not display significant side-to-side differ-
ences. However, ankle joint active angle repli-
cation position sense at 15° plantar flexion was 
impaired. Involved ankle joint position sense at 
10° dorsiflexion and at 15° plantar flexion was 
the same as the healthy control group. Study find-
ings suggest that proprioceptive exercises should 
be added to the early phases of post-Achilles ten-
don repair surgery [64]. Mezzarobba et al. [65] 
using podobarometric and optokinetic analysis 
methods reported decreased anterior foot pres-
sure and increased anterior-posterior center of 
pressure oscillations compared to healthy con-
trol subjects at 24 month follow-up. Based on 
these findings they suggested that post-surgical 
tendon construct elongation increased the need 
to restore post-surgical propulsive gait strength 
and unilateral standing balance.
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2.10  Proprioception After 
Osteochondral Surgery 
of the Talar Dome

The exact cause of atraumatic osteochondral talar 
dome defects remains unclear. Conceivably, these 
injuries may be associated with impaired joint 
proprioception and repetitive contact between the 
talus and the ankle mortise during foot pronation. 
In a group of subjects with a similar proportion 
of traumatic and atraumatic injury mechanisms, 
Nakasa et al. [66] identified significant involved 
ankle joint position sense impairments com-
pared to the uninvolved side. To date, no study 
has investigated ankle joint proprioception fol-
lowing conservative or surgical management of 
patients with talar dome osteochondral injuries. 
Prospective, longitudinal studies are needed to 
evaluate the proprioception-enhancing efficacy 
of conservative, therapeutic interventions such 
as therapeutic exercises, use of functional brac-
ing, and CAM walker use, compared to surgical 
approaches such as arthroscopic debridement, 
microfracture, and autologous or allograft osteo-
chondral tissue transfer.

 Conclusion

Whole-body postural control is directly depen-
dent on the neuromuscular and capsuloliga-
mentous proprioceptive structures of the 
foot-ankle and subtalar joints. Greater appreci-
ation for the functional relationship between 
the afferent- efferent neural circuitry and the 
synergism that exists between intrinsic foot 
muscle activation and composite lower extrem-
ity dynamic joint stability and neuromuscular 
control during surgery and rehabilitation pro-
gram planning will improve patient outcomes.
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Treatment of the Proprioception 
and Technology

Zeynep Bahadir Ağce, Adnan Kara, 
and Baris Gulenc

Proprioception is defined as detecting and  
processing the stimulus and initiating a reactive 
output (kinesthesia) through the neuromuscular 
system [1, 2]. The proprioceptive information in 
varying degrees depending on the environment 
and condition is provided by skin, joint, and mus-
cle mechanoreceptors and transmitted to the cen-
tral nervous system [1, 3, 4].

Proprioception is vital to creating voluntary 
control, smoothing, and coordination on move-
ments, motor learning, and error correction 
 during movements and providing postural stabili-
zation and balance control [3, 5–7]. It is difficult 
to maintain the static posture due to postural 
oscillation increase in the proprioceptive disor-
ders that occur in the lower extremity [5, 7].

Proprioceptive sensory impairment can 
develop with neurological disorders such as mul-
tiple sclerosis and parkinson or various damage 
caused by orthopaedic causes such as direct 
swelling, ACL deficiency, knee osteoarthritis, 

idiopathic neck pain, and inflammation [1, 4–6, 
8–13]. It also leads to loss of proprioception in 
chronic diseases which affects soft tissue such as 
rheumatoid arthritis and complex regional pain 
syndrome or causes neuropathic problems such 
as diabetes [14, 15]. There are significant 
decreases in the proprioception due to changes in 
the central and peripheral nervous system along 
with progressive aging [3, 15, 16]. Proprioception 
is related to functional movements of the upper 
extremity, rate of the physical activity, and per-
ceived level of social isolation [17]. Particularly 
in the proprioceptive losses of neurological ori-
gin, motor problems also contribute to the 
decrease in the quality of life and the participa-
tion of the individual in daily-life activity [2, 18].

For improving the proprioceptive sensory 
training, vibrotactile feedback, biofeedback, goal-
directed movements, robotic device applications, 
and virtual reality applications are made [18–22]. 
Repetitive and active exercises have a positive 
effect on enhancing proprioception; therefore, 
goal-oriented, frequent rehabilitation practices 
with technological applications support proprio-
ceptive development [23]. It is accepted that pro-
prioceptive sensory training can improve motor 
performance and proprioception has a fundamen-
tal role in motor control [19, 23]. Technological 
advances are being used in rehabilitation applica-
tions for a variety of reasons, such as assistive 
device technologies, complex haptic perception, 
and proprioception [24]. Technology is essential 

Z. Bahadir Ağce, P.T., M.Sc. (*) 
Department of Occupational Therapy, Faculty 
of Health Sciences, Uskudar University,  
İstanbul, Turkey
e-mail: zeynep.bahadiragce@uskudar.edu.tr 

A. Kara, M.D. • B. Gulenc, M.D. 
Department of Orthopedics and Traumatology, 
Faculty of Medicine, Istanbul Medipol University, 
Istanbul, Turkey
e-mail: adnan.kara@medipol.com.tr;  
barisgulenc@yahoo.com

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-66640-2_3&domain=pdf
mailto:zeynep.bahadiragce@uskudar.edu.tr
mailto:adnan.kara@medipol.com.tr
mailto:barisgulenc@yahoo.com
mailto:barisgulenc@yahoo.com


26

because it can help to optimize motor learning in 
a safe environment and help improve the func-
tional activities of everyday life by replicating 
real-life scenarios [25].

Also technology-based rehabilitation can 
increase individual participation to intervention 
with encouraging personalized, motivating, 
amusing, and engaging [26]. The tools used in 
technology rehabilitation are basically classified 
as endpoint robots and exoskeletons [24, 27]. 
Exoskeletons are used to assist the movement of 
the user through actuators placed outside the 
extremity, to increase the power and rehabilita-
tion performance [28]. Endpoint robots are linked 
to the body’s only limb, such as the trunk, arm, or 
leg, and the device creates structural force fields 
that provide perturbation, resistance, or motion 
assistance in the virtual environment [24, 27].

3.1  Enhancement 
of Proprioception with Robot 
Training, Virtual Reality, 
and iProprio

Robotic technology is used to determine the 
degree of rehabilitation disorder, create goal for 
intervention, make the desired movement repeti-
tive, and create progressive goals [27]. The 
robotic devices are supported to control the 
patient’s own movement via proprioceptive, 
visual, and tactile inputs [29]. Virtual reality with 
robotics is used in the rehabilitation of lots of 
impairments such as hands and fingers, wrist, 
gait, position sense, motion dynamics, proprio-
ception, and upper and lower extremity motor 
control [21]. Robotic devices and virtual reality, 
together with such as VR-based treadmill loco-
motor system, have the ability to train individuals 
in different environments safely [30].

The virtual reality [VR] technique contributes 
to rehabilitation applications by providing interac-
tion between motion and virtual objects in differ-
ent virtual environments [31]. It is mentioned that 
VR application reduces the pain threshold and 
increases the daily physical activity levels of the 
patients [32]. Recent studies have shown that 

motor function, everyday life, and quality of life 
increase after virtual reality applications, espe-
cially at the upper extremities [33]. VR technology 
aims to stimulate movement with computer-based 
games such as Nintendo Wii, Xbox Kinect, and 
PlayStation [26, 33]. VR technique uses the inter-
action between virtual objects and motion, in reha-
bilitation, by providing various visual environments 
and using motion tracking [34]. In this way VR 
practices will create an environment that encour-
ages and motivates the patient who is not observ-
ing the exercise treatment due to lack of motivation 
[27, 32]. The game consoles and interactive com-
puter games have been shown to increase motiva-
tion and fun during exercise [27].

VR’s clinical practice aims to encourage 
motor learning using visual, auditory, and haptic 
inputs [33, 35]. VR can also support to compared 
with environmental feedback, internal proprio-
ceptive senses, and performance information 
obtained [33]. Many studies use both visual feed-
back and tactile feedback to enhance realism in 
virtual environment [36]. And virtual reality 
applications are recommended for upper and 
lower extremity proprioceptive rehabilitation in 
patients after neurological or orthopaedic disease 
[31, 33, 37]. Moreover, it is emphasized that the 
use of proprioceptive feedback in rehabilitation 
programs to improve motor control is more effec-
tive than visual feedback in addition to its low 
cost being an advantage in using them [31, 38].

The Nintendo Wii [NW] is designed as a pop-
ular video game with a Wii Balance Board 
[WBB] [Nintendo, Kyoto, Japan], and it is used 
with a game console and associated software 
[39]. It is a simple and affordable virtual therapy 
application that can be used at home and in stroke 
rehabilitation units around the world [40–42]. In 
NW, proprioceptive stimulation is provided with 
visual biofeedback to allow the individual to self- 
correct [41]. However, caution should be exer-
cised when using NW at home, as injuries such as 
ischemic stroke and vertebral, shoulder, and knee 
fracture are reported [40].

The Xbox Kinect uses microphone, cameras, 
and depth infrared sensors to translate body 
movement on the play; there is no need for a 
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balance pad or handheld instruments [38, 43]. 
When compared to Wii and Xbox Kinect, it is 
advantageous as it offers capability for bespoke 
software that can be designed appropriately; it 
has the disadvantage as to there is less research 
about it [43]. With evidence in Xbox Kinect, it 
is stated that Wii rehabilitation programs are 
particularly reliable and valid to predict the risk 
of falling [37, 44].

The PlayStation EyeToy that can be displayed 
on a standard TV monitor includes USB interface, 
color digital camera, DualShock with pressure 
sensitivity, and Analog Controller [45]. The 
PlayStation EyeToy brings in higher motion inten-
sities than the Nintendo Wii [27]. The literature 
does not have enough study on the PlayStation 
games, and need to investigate in more target-
based action have been studied for dynamic bal-
ance and motor planning with stroke or hemiparetic 
children [35, 45].

The smartphones that we use commonly in our 
daily lives have started to be used for rehabilitation 
and home exercise programs. “iProprio” system is 
used to improve and evaluate the proprioceptive 
system. This system uses the internal motion unit 
sensors that are found on the smartphones, and it 
gives adjustable vibrotactile biofeedback for users; 
therefore it can be an alternative for improving 
proprioception at home exercise. With the multi-
modal interface, the user can use different sensory 
modalities as feedback by using visual, auditory, 
or vibration options. It is a new application but can 
be appropriate for use in home exercise [46].

3.1.1  New Technological Materials 
for Proprioception

Simply defined as perceiving the spatial location 
of any body part, proprioception is a subject on 
which orthopaedic surgeons and physical therapy 
specialists spend long working hours. In the last 
two decades, the number of studies on this sub-
ject has steadily increased. The importance of 
proprioception has been appreciated after notic-
ing the differences among athletes’ return to sport 
and reinjury rates [47].

Proprioception is usually assessed with sensa-
tion of joint position and kinesthesia. Loss of pro-
prioception may cause prolonged rehabilitation, 
inadequate treatment response, and prolonged 
hospital stay, leading to increased cost of care and 
recurrent injuries. It also adversely affects pos-
tural stability and motor functional recovery [48].

Proprioceptive afferent nerves are principal 
elements for movement control. Impaired grip 
strength and coordination have been shown even 
in patients who had sensory nerve injury but not 
motor nerve injury. While visual stimuli are the 
primary factor for wrist proprioception, proprio-
ceptive impairment has also been reported in dis-
orders where motor neurons are also involved, 
such as parkinson’s disease, dystonia, and stroke. 
Apart from these, it has been reported that robotic 
rehabilitation devices providing continuous pas-
sive movement can be effectively used for loss of 
proprioception after traumatic injuries and ortho-
paedic operations [49–51].

Preservation or regain of the sensation of posi-
tion in patients with stroke has been reported 
among some important indicators of a high likeli-
hood of motor recovery. In patients with stroke 
who have a diminished or lost proprioceptive 
afferent conduction, the response to sensorial 
stimuli originating from the contralateral side of 
the cortex is reduced or lost altogether. The ulti-
mate result of all these effects combined is a 
worsened functional performance and difficulties 
in performing daily tasks during rehabilitative 
process [34, 52, 53].

Today, with technological advances, the use of 
robots in medicine has become increasingly wide-
spread. Robots devised for rehabilitative purposes 
are widely utilized for regulating wrist proprio-
ception in disorders including stroke which may 
involve upper extremity. Even though it is expen-
sive than the classical methods, the measurement 
of the sensation of joint position with rehabilita-
tion robots has been reported to be more sensitive 
than measurements done by clinical measurement 
tools and techniques. These devices not only take 
measurements, but also make patients exercise, 
thus making an important contribution to neuro-
motor rehabilitation [54, 55].
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3.2  Assessment of Proprioception 
with Robotic Devices

Proprioception involves two main components, 
namely kinesthesia [joint motion] and sensation 
of joint position. Their variability is determined 
by their measurement. Both parameters are 
formed via afferent data generated by mechano-
receptors found within and around joints [56].

Two separate systems have been widely used 
for the measurement and use of robotic proprio-
ception. Endpoint-based systems such as MIT- 
MANUS, MIME, and GENTLE/S, and 
Exoskeleton robots such as ARMin, T-WREX, 
Pneu-WREX, L-Exos, and Selford Rehabilitation 
Exoskeleton, have been designed to support 
patients during performance of upper extremity 
exercises [57, 58].

Several studies have examined the change in 
proprioception in association with the use of 
wrist and the ability of grip force following 
robotic rehabilitation in patients with stroke. In a 
study by Piovesan, the ability of patients with 
stroke to use plegic arms at the beginning of and 
after rehabilitation measured by a robotic manip-
ulandum was compared with that of the control 
group. The researchers demonstrated that the 
muscle strength necessary to perform a certain 
task was markedly reduced at the latest sessions. 
Voluntary control, motor recovery, and motion 
planning were improved by continuous passive 
motion with robotic rehabilitation of patients 
with stroke [56].

Caimmi et al. assessed cortical activation level 
using EEG during active voluntary motion in 
patients with stroke. The authors required the 
control and chronic stroke groups to make active 
motion followed by the robot-assisted “hand-to- 
mouth” exercise using an end effector-based 
robot [Pa10–7, Mitsubishi, Japan]. They found 
that there were no significant differences between 
the unaffected hand and healthy subjects with 
regard to EEG patterns and movement speed; 
they also demonstrated that no significant differ-
ence occurred in cortical activation during robot- 
assisted movements in healthy subjects whereas a 
significant level of EEG-recorded cortical activa-
tion occurred in patients with chronic stroke; the 

authors also noted that the patient obtained huge 
benefit and achieved functional recovery [59].

Casadio et al. sought to find an answer to the 
question to what degree patients with stroke 
needed robotic support. They designed a mecha-
nism to provide patients with assistance to per-
form a certain task (with the help of a planar 
manipulandum [Braccio di Ferro]), and they 
asked patients to perform a certain movement 
with and without taking visual assistance. At the 
subsequent sessions, the level of strength applied 
by patients to perform that task was reduced and 
their movement speed increased; they also per-
formed the task more properly. It was observed 
that two patients who were least affected by the 
disease became able to perform the assigned task 
without any external assistance at the end of the 
study; and the authors stated that the propriocep-
tion developing robot-assisted therapy performed 
without a visual assistance may be more benefi-
cial for stroke patients than the classical visual 
assisted trainings [23].

In a study by Ozkul et al., where elbow proprio-
ception was assessed in two different healthcare 
professions, healthy volunteer physiotherapists 
and engineers were assigned tasks in which they 
would flex their elbows at certain angles with the 
help of an exoskeleton robot (RehabRoby), with 
their eyes open versus shut. Then, the values by 
which they were capable of doing that task and 
their mistake rates were recorded. All groups’ 
biceps brachii strengths were recorded prior to the 
start of the experiment. The results of the study 
indicated that the physiotherapy students made 
fewer mistakes in assigned tasks with eyes both 
open and shut; the results also suggested that 
biceps brachii muscle strength at 20° flexion 
movement played an active role on the sensation 
of proprioception [60].

Two-sided exoskeleton robots (KINARM 
[BKIN Technologies Ltd., Kingston, Ontario]) 
are also commonly used for proprioception 
 studies and rehabilitation therapy. They were 
designed particularly for poststroke propriocep-
tion measurement. They may provide movement 
on horizontal plane, monitor elbow and shoulder 
movements, and provide mechanical loading on 
the same joints. KINARM can measure the 
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 sensation of position more sensitively in patients 
with stroke [61, 62].

MIT-Manus is an end effector-based system 
that has been used for rehabilitation for the last 30 
years. The system allows patients to perform two-
dimensional movements with their hands and can 
record these movements. Having the ability to 
control patients’ hand movements, this system 
facilitates movement as necessary and strengthens 
weakened extremity sensation [57, 63].

GENTLE/s is another end effector-based 
robot that determines the elbow’s position in 
space and allows patients to perform three- 
dimensional arm movements. Having visual and 
tactile manipulators, this device aids patients to 
make movements towards the goal and can finish 
the movement [64].

Mechatronic system for Motor recovery after 
Stroke [MEMOS] is a robot that provides and 
hastens motor recovery in patients with hemiple-
gia. MEMOS records velocity and directional 
data and aids in observation of treatment efficacy 
during rehabilitation process [65].

ARMin is an exoskeleton robot used for arm 
rehabilitation that possesses strength sensors. It 
allows elbow flexion-extension and shoulder 
movements. ARMin II is a new version with pas-
sive movement, game therapy, and task-based 
training modes and is effectively used for treat-
ment of patients with stroke [66].
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Proprioception After Shoulder 
Injury, Surgery, and Rehabilitation

Irem Duzgun and Egemen Turhan

4.1  Proprioceptive Sense 
in Glenohumeral Joint

Neuromuscular control aims to prepare dynamic 
stabilizers for joint motion and overload with 
subconscious activation, its response, and conti-
nuity of joint stability [1]. This neuromuscular 
control mechanism is provided by the coordina-
tion of muscle activation during the functional 
movements with coactivation of shoulder mus-
cles (strength pairs), muscular reflex, regulation 
of muscular tone, and induration [1, 2]. Thus, 
shoulder muscles allow mobility at high levels by 
providing the centralization of humerus head in 
glenoid cavity. In addition, the joint position 
sense is an important participant in maintaining 
muscle induration and coordination and it reduces 
the risk of injury by creating steady motion for 
optimal performance [3, 4]. This is particularly 
important for enabling stabilization in broad joint 
motion in shoulder functions [5, 6].

Receptors have an important function for 
maintaining neuromuscular control. Our body 
consists of Meissner and Ruffini (type I), Pacini 
and Krause (type II), Golgi tendon organ (type 
III), and free nerve ending (type IV) receptors 
[7]. In the shoulder, Pacinian corpuscles, Ruffini 
endings, Golgi tendon organ, and muscle spindle 
mechanoreceptors have been identified [8, 9]. In 
the histological studies conducted on humans, 
Vangness et al. [8] have suggested that there are 
slowly adapting Pacinian corpuscles and Ruffini 
endings on the glenohumeral ligament complex. 
They have also discovered that labrum and sub-
acromial bursa include free nerve endings but do 
not include mechanoreceptors. It has been shown 
that there are type IV mechanoreceptors on 
supraspinatus muscle and tendon of the rabbits. 
These receptors are responsible for nociceptive 
stimulus and closely related to afferent pain stim-
ulation. Besides, it has been suggested that supra-
spinatus muscle has more of these receptors than 
infraspinatus does [10].

The muscle spindle is one of the primary pro-
viders of joint position sense in the midranges of 
joint motion. Capsuloligamentous mechanorecep-
tors (e.g., Ruffini endings, Pacinian corpuscles, and 
Golgi endings) are inactive at these angles [11] and 
stimulated by the deformation on the tissues they 
are located [12]. Many authors have stated that 
these receptors are stimulated at the end range of 
the joint motion in which the tissue is stretched the 
most rather than the midrange of the motion [8, 13]. 
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This mechanism is also true for the glenohumeral 
joint. Janwantanakul et al. reported that, like other 
authors, receptors are more stimulated at the end 
range of the shoulder external rotation [5].

The reason why the joint position sense is 
related to the scapular muscle activation in the 
midrange of the motion can be that more muscle 
spindles are related to joint position sense. It has 
been thought that a scapular muscle disorder 
causes a deterioration of the joint position sense 
in these angles. However, in the end range of the 
motion, the activation of mechanoreceptors in the 
capsuloligamentous structures can compensate 
the wrong information [14].

Blaiser et al. have stated that shoulder external 
rotation is more sensitive than internal rotation 
and this is related to the mechanism that proprio-
ceptive signals go to the central nervous system 
more as a result of the stretching of the capsule 
[12]. In addition, it has been suggested that joint 
position sense gets better with the increase of 
joint torque and elevation angles [15] and exter-
nal overload [16] and this can be associated with 
the increase in the muscle activation level and 
muscle spindle signals. Another study, which 
examines the effect of isometric contraction 
intensity, has suggested that there is more devia-
tion in the high contraction intensity [17, 18].

There is a consensus among the researchers 
about that with the increase of shoulder elevation 
angle the soft-tissue strain increases and this 
results in the increase of proprioceptive sense [5, 
16]. This mechanism has a great importance in 
limiting the joint translation forces that occur at 
the end range of the joint motion border. Effective 
motor response is necessary for optimal suitabil-
ity in active position repetition sense [19].

4.2  Effect of Injury 
on Proprioceptive Sense

Mechanic instability occurs as a result of the 
injury of traumatic or nontraumatic mechanisms 
and stabilizer structures of the glenohumeral 
joint [2]. This causes mechanic deficit and senso-
rimotor change and functional stability deficit 

[2]. It has been previously stated that glenohu-
meral joint capsule, glenohumeral ligaments, and 
glenoid labrum include mechanoreceptors which 
provide proprioceptive information for the senso-
rimotor system that generates glenohumeral joint 
stability and neuromuscular control. Accordingly, 
joint injury affects not only the mechanic limit-
ers, but also sensorimotor contribution and 
dynamic stability. Many studies have shown that 
shoulder instability and proprioceptive sense are 
affected negatively [18, 20]. For the patients with 
glenohumeral joint instability, both joint position 
sense and kinesthesia are affected [18, 20]. It has 
been thought that this is because mechanorecep-
tor stimulation decreases with the injury of cap-
suloligamentous tissues [20].

Warner et al. have stated that increase of the 
translation on the joints in glenohumeral instabili-
ties causes changes in the motions of glenohu-
meral and scapulothoracic joints. Proprioceptive 
sense disorder that is seen in this pathology can 
be related to unsynchronized scapulothoracic 
motions, neuromuscular tasks, or both [21].

Acuity of capsuloligamentous mechanorecep-
tors decreases based on their physical laxity and 
differentiation. Previous studies have shown the 
differentiation in the proprioceptive sense on nor-
mal and pathological shoulders, normal and surgi-
cal repair, and normal and highly trained groups 
[2, 18, 20]. There have been contradictory results 
in rotator cuff pathologies. A study has shown that 
proprioceptive sense decreases during the shoul-
der elevation in chronic cuff pathologies. It has 
been found out that the maximum disorder is in the 
scapular plan at 100° elevation; the place aches the 
most in impingement syndrome. This is the oppo-
site case of the asymptomatic adults. It has been 
known that with the increase in the elevation of 
capsuloligamentous and muscular tension, pro-
prioceptive stimulation and related sense increase 
in the asymptomatic individuals [5, 16]. Machner 
et al. have shown that kinesthesia decreases in the 
patients with phase 2 subacromial impingement 
syndrome and stated that the deficit in subacromial 
bursa is related to the sense of motion [22]. 
Besides, it has been stated that loss occurs both in 
the proprioceptive sense and the strength in the 
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athletes with isolated infraspinatus muscle atro-
phy, and it is necessary to give proprioceptive 
training in the rehabilitation of these patients [23]. 
However, Maenhout et al. have shown with the 
strength sense test conducted with anisokinetic 
tool that there is no difference between the patients 
with rotator cuff tendinopathy and the asymptom-
atic individuals [24]. Rotator cuff pathologies 
include different pathologies from tendinopathy to 
full-thickness tear. It has been thought that the 
studies conducted with the homogenous groups 
would provide more precise results.

The proprioceptive deficit has been shown in 
the patients with osteoarthritis [25]. Cuomo et al. 
have related this deficit to the decrease of the 
activation level of the shoulder muscles [25]. The 
increase of the afferent stimulations coming from 
the pain receptors has been also thought to 
decrease proprioceptive afferents by suppressing 
them. It has been shown that with the increase of 
nociceptive activity, the proprioception decreases 
in the baseball players with shoulder ache [26].

Joint position sense differs in frozen shoulder 
problem. A relation has been found especially 
between joint position sense in the midrange of 
the joint motion and the scapular muscle activa-
tion. It has been shown that the deterioration in 
joint position sense is related to the functional 
level of the individuals [14].

Shoulder dynamic stability is significant for 
overhead athletes. However, these athletes often 
face mobility deteriorations, changes in shoulder 
muscle strength, and proprioceptive deficit [27]. 
But the existence of proprioceptive deficit is contro-
versial. While some writers state that repetitive 
motions improve proprioceptive sense, other writ-
ers state that capsular laxity and extreme joint 
motion decrease proprioceptive sense [28]. Exercise 
programs provide improvements in joint position 
sense as a result of increased central and neural 
adaptation [27]. In addition, overhead throwing 
activity includes plyometric motions and this is 
thought to provide functional stability by improving 
central and peripheral adaptation. With the long-
term training, Golgi tendon organ becomes desensi-
tized and muscle spindle sensitivity increases. 
During the throwing motion, repetitive stimulation 

of articular mechanoreceptors which are at the end 
range of the motion can enable peripheral adapta-
tion. Thus, it has been thought that proprioception 
increases with the modification of muscle spindle 
and articular mechanoreceptors [1, 29].

4.3  Evaluation 
of the Proprioceptive Sense

It is quite difficult to evaluate proprioception on 
the glenohumeral joint because it is the most 
mobile joint in our body. Different techniques 
have been developed for evaluation [19, 30, 31].

Passive and active position repetition test 
(joint position sense), kinesthesia, and strength 
repetition tests are used for evaluation [1, 32, 33].

Isokinetic systems and robotic systems are 
used in passive position repetition test [34]. The 
joint is passively moved at 2°/s or 0.5°/s speed. 
After waiting at the previously mentioned angles 
for a while, it is moved to the previous position 
again. Then, while the system joint is passively 
moving at the same speed, the person is asked to 
stop the system at the previous position. The 
angular deviation at this point gives us informa-
tion about the proprioceptive sense. As the 
motion is passively done, it has been thought that 
the capsuloligamentous mechanoreceptors are 
more responsible for this sense.

In the active position repetition test, individu-
al’s ability to actively repeat the reference posi-
tion is evaluated. This test has shown that 
capsuloligamentous and musculotendinous mech-
anoreceptors are maximal sensitive [19, 30, 35]. 
In the evaluation of this sense, isokinetic systems, 
robotic systems, three-dimensional analysis meth-
ods, propriometer, and laser pointer-assisted angle 
repetition tests which can be easily used in clinics 
are used [34, 36–38].

Kinesthesia sense is investigated during the 
passive motion. Isokinetic systems are often used 
in the evaluation of this sense. While the joint is 
passively moved with the 0.1°/s speed, the person 
is asked to state at which point he/she feels the 
motion. This point gives information about the 
kinesthesia sense of the person.
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Isokinetic systems and dynamometers 
 (myometers) are used in strength repetition test. 
The person is often asked to perform isometric 
contraction. This value is recorded; 50% of this 
recorded maximum isometric contraction or 
another particular value is repeated. The patient 
is asked to comprehend and repeat this contrac-
tion. Deviations at the created force are recorded. 
Dover et al. have shown that isokinetic system is 
highly reliable and repeatable for measuring the 
force sense of the shoulder external and internal 
rotators [39].

It is highly important to provide standardiza-
tion while applying the proprioceptive tests. It 
has to be taken into account that the body orienta-
tion during the test can affect the test results. 
Janwantanakul et al. have suggested that there 
has not been a difference between sitting and 
supine position in passive joint position repeti-
tion test but the results of the test in sitting posi-
tion with three repetitions are more coherent [5]. 
Martijn et al. have stated that body position 
shows no difference in active and passive joint 
position repetition test results. However, they 
have found that the deviation in active joint posi-
tion repetition test is higher than passive joint 
position test [33].

Apart from that, the proprioceptive sense can 
be affected from tiredness. Especially extreme 
activation of the receptors in the musculotendi-
nous structure is thought to cause a decrease in 
the transmission of the proprioceptive informa-
tion after a while. The studies conducted show 
that the muscle tiredness affects the result nega-
tively for both active and passive position sense 
evaluation [30, 40, 41].

In the evaluations that were conducted by tak-
ing this factor into account, it has been shown 
that joint position sense changes between 3° and 
9° in unrestricted protocols [15, 16, 42, 43]. 
Failure in shoulder joint position sense varies 
from 2° to 7° [5, 42, 44].

In the active angle repetition test conducted 
with the laser pointer, it has been suggested that 
the worst angle repetition capacity was seen 
while the shoulder is at 55° elevation (both stable 
and unstable shoulders), and the best results were 
gathered at 90° [36].

4.4  Restoration 
of Proprioceptive Sense

It has been known that proprioception has a great 
importance in providing shoulder joint stability, 
protecting it from injuries and preventing the rep-
etition of the injury. The aim of the surgical and 
conservative practices applied after the injury is 
to provide the right biomechanics. Thus, it is 
aimed to both increase the functional activity 
level and eliminate the possible symptoms that 
can occur because of wrong biomechanics.

Right biomechanics will provide the right 
motion pattern. This shall form the appropriate 
sense input from the receptors present at the capsu-
loligamentous and musculotendinous structures.

Shoulder complex consists of four joints. The 
steady motion occurs as a result of the coordi-
nated motion of these joints. The studies have 
suggested that the proprioceptors mostly appear 
in the joint capsule, glenohumeral ligaments, 
rotator cuff, and shoulder muscles. The receptors 
on this structure shall create the appropriate 
motor activities by providing the related sense 
input. It has been accepted that it is necessary to 
provide steady motion on the scapulothoracic 
joint for the individual with a shoulder problem 
in rehabilitation. Thus, it is aimed to decrease the 
possible symptoms (pain, inflammation, joint 
motion restriction, etc.) and provide the right bio-
mechanics. Besides, we shouldn’t forget that the 
proprioceptive sense is related to scapular muscle 
activation in the midrange of the motion. The 
dominant idea is that the injury or the risk of rep-
etition of it can be eliminated with the appropri-
ate sensorimotor system.

Physiotherapy and rehabilitation and surgical 
practices are preferred for providing the right 
biomechanics in the restoration of the proprio-
ceptive sense.

4.4.1  Role of Surgery on Shoulder 
Proprioception

Shoulder proprioception can be differently 
affected from the underlying pathology. The 
common surgical interventions for shoulder are 
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based on instability, rotator cuff problems, sub-
acromial pathologies, and biceps tendon diseases. 
Unfortunately literature is lack of evaluation of 
proprioception alterations before and after surgi-
cal procedures for shoulder when compered with 
knee joint. Aydin et al. [45] investigate proprio-
ception of the shoulder in groups of individuals 
with healthy and surgically repaired shoulders in 
instability cases. They reported that there is no 
difference between the operated and nonoperated 
shoulders. Surgery might restore proprioception 
indeed but to evaluate this parameter may differ 
from the chosen method.

Neuromuscular dysfunction is expressed in 
the different muscle recruitment patterns during 
elevation and external rotation, shown in patients 
with subacromial impingement. Common find-
ings include decreased activity in the rotator cuff 
muscles and serratus anterior and increased activ-
ity in the middle deltoid and the upper trapezius. 
The rotator cuff plays an important role in oppos-
ing the superior translation force of the deltoid. A 
lack of good control of muscle force could com-
promise dynamic stability of the shoulder joint 
resulting in altered glenohumeral kinematics. 
Anterosuperior translation of the humerus has 
already been demonstrated in patients with rota-
tor cuff tendinopathy. This affects the proprio-
ception indeed but again literature is not 
satisfactory to evaluate the impact of surgery on 
neural control of shoulder. According to our 
experience after rotator cuff surgery shoulder 
joint proprioception recovery is rapid. The his-
tory of the patients and chronicity of the tear 
affect proprioception.

Performing shoulder arthroplasty did nega-
tively affect one component of shoulder proprio-
ception that was measured by the active angle 
reproduction test. This might be related to the 
surgical approach that includes division of the 
subscapularis muscle and the glenohumeral liga-
ments. In order to be able to diminish negative 
influences on postoperative proprioception fur-
ther prospective studies will have to evaluate pre- 
and intraoperative variables to improve 
proprioception after shoulder replacement. 
Although proprioception does not improve many 
after implantation of shoulder arthroplasty, a 

pain-free increase of range of motion in activities 
of daily living is the main improvement for the 
patient after surgery [46, 47].

4.4.2  Physiotherapy 
and Rehabilitation

The primal purpose of the rehabilitation is to sup-
press pain and inflammation. Some studies have 
researched the effect of applying cold for this 
purpose on the joint position sense. However, 
there is no consensus about it. Three studies have 
found that the cold has no effect on joint position 
sense while four studies have stated that it 
decreases the sense [48]. A study conducted in 
2016 suggested that applying ice to the shoulder 
for 15 min negatively affected the muscle strength 
and impaired joint position sense [49]. This is 
thought to relate to the decreased speed of neural 
transmission.

The second purpose of rehabilitation after 
suppressing the pain and inflammation is to 
increase the peripheral muscle activation and to 
use the right biomechanics. All these applications 
provide the restoration of proprioceptive sense. 
Proprioceptive training regenerates the system 
between mechanoreceptors and central nervous 
system and tries to compensate the propriocep-
tive deficit resulted from injury [1]. Effective 
shoulder exercises provide the restoration of the 
sensorimotor mechanism.

It has been known that open and closed kinetic 
chain exercises improve the joint position sense 
[50]. Closed kinetic chain exercises facilitate the 
coactivation of the shoulder muscles on upper 
extremities and increase functional joint stability. 
This is thought to result from the stimulation of 
the articular mechanoreceptors during closed 
kinetic chain exercises [51]. However, a study 
showed that after a 4-week-long closed and open 
kinetic exercise conducted on the rotator cuff and 
scapular muscles of the healthy individuals, the 
muscular force was increased but the joint posi-
tion sense showed no difference [52]. When 
thinking that this study was conducted with 
healthy individuals (with no proprioceptive sense 
influence), it is not surprising that the sense did 
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not show any differences after the training. The 
general idea is that the exercise training on patho-
logical shoulders is effective on proprioceptive 
sense.

Various exercises are used in the clinics to 
increase the proprioceptive sense. The active 
motion used in the first step is thought to provide 
proprioceptive input. It has been thought that 
based on the compression stress applied to the 
joint capsule in the closed kinetic chain exercises, 
which are preferred in the primary steps of reha-
bilitation, the stimulation of the receptors can be 
provided (Fig. 4.1). In the later steps of proprio-
ceptive training, the exercises conducted on differ-
ent surfaces both increase the somatosensorial 
sense input and help the improvement of the 
reflexive responses that can be formed against the 
fulminant stresses (Fig. 4.2). However, a study has 
suggested that there are minimal changes in EMG 
activity with the exercises conducted on unstable 
surfaces [53] while another study has shown that 
compensatory muscle activity decreases after the 
vibration application to the Achilles tendon [54]. 
More studies are needed on this subject.

Strengthening exercises are frequently used in 
rehabilitation. The purpose is to increase the neu-
romuscular control besides muscular strength. 
Particularly these exercises are thought to 
increase the sensitivity of Golgi tendon organ and 
muscle spindle. Various exercise equipment can 
be used for this purpose (exercise band, free 
weights, etc.). A study assessed the effect of 
external overload on the joint position sense and 
suggested that the joint position sense only 
increased in the direction of the overload. There 
was no difference in the joint position sense on 
other surfaces [16]. It has been suggested to exer-
cise on multiplanes to generally increase the joint 
proprioception. In this respect, rhythmic stabili-
zation, one of the proprioceptive neuromuscular 
facilitation techniques, can be preferred because 
it allows sense input on different directions 
(Fig. 4.3).

Physical activity causes overload on both 
musculotendinous and capsuloligamentous tis-
sues. As a result of this overload, the increase in 
the sensitivity of the receptors in these tissues 
improves the proprioceptive sense. Pochini et al. 

Fig. 4.1 Closed kinetic 
chain exercises
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have shown that extreme physical activity 
increased the number of the proprioceptors in the 
supraspinatus tendon in the mice [55]. 
Proprioceptive training also includes the increase 
of the physical activity level of the individuals.

Upper extremity rehabilitation programs often 
include plyometric exercises to provide neuro-
muscular control and functional joint stability 
(Fig. 4.4). It has been shown that the plyometric 
activities increase the lower extremity muscle 
performance characteristics [29, 56]. Besides, 
they increase proprioception and kinesthesia and 
help stability. The data regarding the effect of 
plyometric exercises on neuromuscular adapta-
tion in upper extremities is limited [29]. These 
exercises focus on dynamic restriction and mus-
cle performance. By enabling reflexive muscular 
recruitment pattern, elastic energy storage and 
force-creating capacity are aimed to improve. 
Thus, the relation between the force pairs neces-
sary for the dynamic limitation is enabled [29, 
53–56].

Plyometric activities consist of three parts: 
eccentric loading, amortization, and concentric 
contraction phase. Theoretically, it is thought to 
provide peripheral and chronic neural adapta-
tion. Dynamic restriction increases 10–15% by 
voluntary muscle contraction with the reflexive 
activity of muscle spindle during eccentric load-

ing [29]. With the chronic adaptation of plyo-
metric training, the joint proprioception and 
kinesthesia increase; thus, restoration of func-
tional stability is provided. It has been thought 
that chronic exercise desensitizes Golgi tendon 
organ, neutralizes the effect of inhibition, and 
increases the sensitivity of muscle spindle. The 
modification in the sensitivity of muscle spindle 
can increase proprioceptive and kinesthetic 
awareness [29]. Swanik et al. have shown that 
both proprioception and kinesthesia improve 
after 6-week-long plyometric training. This dif-
ference has shown that joint position sense and 
joint motion perception improve as a result of 

Fig. 4.2 Closed kinetic chain exercises on the different 
surfaces

Fig. 4.3 Rhythmic stabilization
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peripheral and central neural adaptation with 
plyometric training [29]. However, Heiderscheit 
et al. gave plyometric training to the internal 
rotators for 8 weeks in the study they conducted 
with sedentary individuals. They stated that they 
there was no difference in joint position sense 
before and after the training [57]. Besides, it has 
been shown that shoulder plyometric exercises 
increase proprioception in the swimmers. It has 
been though that it is related to the increase in 
the proprioceptive awareness resulted from 
length/tension changes of shoulder stabilizers 
with repetitive eccentric overload [29]. In the lit-
erature, there have been various studies that 
stated that training and rehabilitation increase 
the joint position sense [29, 58].

Peripheral adaptation is thought to result from 
the repetitive stimulation of the articular mecha-
noreceptors with plyometric training [56]. It has 
been shown that articular mechanoreceptors are 
stimulated maximum at the end range of shoulder 

rotation [19, 34]. Besides, fast length/tension 
changes in the tenomuscular structures can facili-
tate the adaptation of muscle spindle and Golgi 
tendon organ [29].

One of the practices frequently used in the 
rehabilitation of the injuries is banding. It has 
been thought that the sense input increases due to 
the stimulation of the receptors especially on the 
skin with banding. In addition, one of the aims of 
banding is to enable right mechanics. This is 
thought to provide steady motion input and 
increase neuromuscular control. We have previ-
ously stated the importance of the steadiness in 
scapular motions of the shoulder complex. Lin 
et al. have found out that scapular banding 
increases the scapular muscle activation and pro-
prioceptive feedback in their study. They 
explained this situation as scapular banding 
enables neuromuscular control [59].

The harmony between the activation of force 
pairs on shoulder joint is important. The studies 
have shown that upper trapezius activation 
increases in the individuals with a shoulder prob-
lem, while middle and lower trapezius activation 
decreases. The deterioration in the activation rate 
affects the steadiness of scapular motion. Morin 
et al. have shown that scapular banding decreases 
the upper trapezius activity and increases middle 
trapezius activity. This shall restore the scapular 
motions and provide somatosensorial input [60]. 
Lin et al. have shown that banding increases ser-
ratus anterior activity while lower trapezius activ-
ity does not change and upper trapezius activity 
decreases [57]. In consideration of these results, 
it has been thought that banding is effective in 
creating appropriate motor activity and increas-
ing proprioceptive sense by providing the right 
somatosensorial input.

Kinesio tape application has been highly popu-
lar in recent years. However, a consensus couldn’t 
be reached in the studies conducted. While a 
study stated that joint position sense error 
decreased in shoulder flexion and external rota-
tion [61], another study suggested that it was not 
effective [62]. More studies are needed on this 
subject. Tiredness is accepted to affect proprio-
ceptive sense negatively [63, 64]. Kinesio tape is 
claimed to decrease muscle tiredness. But it has 

Fig. 4.4 Plyometric exercises
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been shown that kinesio tape applied to deltoid 
muscle does not compensate the decrease in joint 
position sense resulted from tiredness [65]. A 
study conducted in 2017 also showed that tired-
ness resulted from eccentric or concentric exer-
cise does not affect proprioceptive sense [66].

With these practices, the increase in the pro-
prioceptive sense can be explained by various 
factors. Probable mechanisms based on the 
increase of the sensitivity of local receptors have 
been tried to be explained above. In addition to 
these, we should not forget that personal learning 
has a great role in increasing the performance. 
Individuals proceed learning from cognitive to 
associative and to the automatic learning phase 
after months or perhaps years of repetition. The 
most critical part is to learn in the right motion 
pattern. After the activity proceeds to the auto-
matic phase, it will be harder to reverse it.

Consequently, glenohumeral joint is a com-
plex joint with a broad range of motion. Because 
the static stabilization cannot be provided suffi-
ciently, dynamic stabilization and neuromuscular 
control are highly significant. Appropriate pro-
prioceptive input is necessary to provide neuro-
muscular control. It should be kept in mind that 
first anatomical uniformity and then right motion 
patterns should be provided to enable right pro-
prioceptive input.
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Proprioception After Elbow Injury, 
Surgery, and Rehabilitation

Tüzün Firat and Özgün Uysal

5.1  Proprioception After Elbow 
Injury/Surgery 
and Rehabilitation

Elbow joint acts as an intermediate joint between 
shoulder and hand. It is mainly responsible for 
positioning of the hand in space [1]. Proprioceptive 
ability of elbow does not depend on its structures 
solely; it is nourished by hand and shoulder ele-
ments. Thereby the assumption that elbow joint 
complex has an independent proprioceptive func-
tion is not a valid view. Many studies suggest that 
injury of shoulder and wrist complex can affect 
elbow function [2, 3]. In addition to elbow 
pathologies, pathologies of the hand and shoulder 
should be analysed before assessment and treat-
ment. Moreover, some injury models do not only 
contain elbow joint itself although injury mainly 
affects elbow structures. For example radial head 
fractures associated with medial collateral liga-
ment injury generally occur with falling, and 
wrist structures including radioscaphoid liga-
ment can be affected.

When falling pattern is examined it can be 
seen that it is an expected result of protective 

extension reaction [4, 5]. This reaction is also 
connected with contralateral activations of the 
primary sensory and motor cortex, and of the 
supplementary motor area in addition to the mid-
brain structures. These kinds of injuries may be 
the result of disturbance of whole proprioceptive 
system [6, 7]. Accordingly, assessment and treat-
ment of elbow proprioception should be planned 
in a complementary approach and should not be 
focused only on elbow joint.

5.2  Elbow Structures Containing 
Proprioceptive Afferents

The elbow complex is a modified hinge joint and 
consists of three bones and two joints. The articu-
lar capsule is reinforced anteriorly by oblique 
bands of fibrous tissue and strengthened by col-
lateral ligaments which augment structural stabil-
ity [1]. Medial collateral ligaments consist of 
anterior, posterior and transverse bundles; ante-
rior bundle is the strongest and stiffest of all and 
resists valgus loading. Anterior bundles provide 
articular stability throughout the entire range of 
motion. Posterior bundles are resisting valgus 
forces and become taut in extreme flexion ranges. 
Because they start and end in the same bone, they 
do not provide structural stability to articulation 
[8–10].

Lateral collateral ligament is made of two 
bundles originating from lateral epicondyle. One 
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is known as “radial collateral ligament” and 
blends with annular ligament. The other is named 
as “lateral collateral ligament (LCL)” which 
attaches to ulna. These fibres become stretched in 
full flexion. Both LCL and lateral side of capsule 
resist varus-producing forces [8, 11].

Within capsule, radial head is held against 
proximal ulna by a fibro-osseous ring that is 
formed by 75% annular ligament and 25% radial 
notch of ulna.

These structures give elbow joint passive sta-
bility and muscles give dynamic stability. In 
order to achieve stability, these structures are 
being loaded and tensed with movements. 
Amount of load and tension stimulates proprio-
ceptors and plays an important role in the extrem-
ity positioning and joint stability.

Proprioception can be defined as brain’s abil-
ity to interpret sensory signals from muscles, 
joints and skin receptors to determine body seg-
ments positions and movements in space 
[12–17].

Proprioception is the product of sensory infor-
mation supplied by specialized nerve endings 
termed mechanoreceptors, i.e. transducers con-
verting mechanical stimuli to action potentials 
for transmission to the central nervous system 
(CNS) [18, 19]. Mechanoreceptors specifically 
contributing to proprioception are termed pro-

prioceptors and are found in muscle, tendon, 
joint and fascia; receptors in the skin can also 
contribute to proprioception, which is shown in 
Table 5.1 [18, 20].

The muscle spindles, located in all skeletal 
muscles in parallel with the extrafusal muscle 
fibres [22–24], are considered the most important 
source of proprioception [25, 26]. They are 
highly sensitive and their density varies through-
out the body, reflecting different functional 
demands. Importantly the sensitivity of the mus-
cle spindles can be adjusted via innervation of the 
polar ends of the intrafusal muscle fibres by 
gamma motor neurons [25]. Other sources of 
proprioception are the ligaments surrounding 
elbow endowed with mechanoreceptors consist-
ing of Golgi organs, Ruffini terminals, Pacinian 
corpuscles and free nerve endings. These recep-
tors supply important information to CNS to aug-
ment proprioception and detect safe limits of 
passive tension in structures around the elbow 
[27]. They have been considered “limit detec-
tors”, stimulated at the extremes of joint range of 
motion (ROM) [28]. However it is now known 
that joint proprioceptors provide input through-
out a joint’s entire ROM under both low- and 
high-load conditions stimulating strong dis-
charges from the muscle spindle and are thus 
vital for joint stability [29–31].

Table 5.1 Mechanoreceptors, types, and their stimulation [21]

Mechanoreceptors Type Stimulation

Muscle-tendon unit Muscle spindle
Golgi tendon organ

Muscle length
Velocity of change of muscle length
Active muscle tension

Joint Ruffini ending
Pacinian ending
Mazzoni ending
Golgi ending

Low and high load tension
Compression loads throughout the entire ROM

Fascia Ruffini ending
Pacinian ending

Low and high tension loads
During joint movement

Skin Hair follicle receptor
Ruffini ending
Pacinian ending
Merkel ending
Meissner ending

Superficial tissue deformation/stretch or compression 
during joint movement
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5.3  Injury Models of Elbow

5.3.1  Trauma

Elbow injuries are common in many sports, rec-
reational activities and repetitive motions. Elbow 
fractures can involve any bone within the elbow 
joint. These fractures usually result from a fall on 
an outstretched arm. Involvement of each bone 
depends on the nature, magnitude, location and 
direction of force. Also age of patient is impor-
tant. Generally soft-tissue injuries accompany 
the fracture and augment the level of disability.

Passive stabilizers of elbow usually injured by 
high-velocity trauma, mostly by falling. The 
medial collateral ligament (MCL) is usually 
injured by violently forcing fully extended elbow 
into excessive valgus (often falling on to out-
stretched arm). There can be an accompanying 
fracture in humeroradial joint or radius head. If 
the joint is excessively hyperextended, anterior 
capsule can be injured too. MCL can be injured 
by repetitive trauma/stress, which is commonly 
seen in sportspeople (especially in baseball pitch-
ers) [32–34]. Lateral collateral ligament (LCL) 
often ruptures in a sports trauma and as a result 
increased valgus and posterior-lateral rotary 
instability occur. This instability results with 
excessive rotation of forearm followed by sub-
luxation of the joints [35, 36].

5.3.2  Idiopathic

Lateral epicondylitis (LE) presents as lateral 
elbow pain arising from extensor carpi radialis 
brevis and longus tendons at the lateral epicon-
dyle. Primary pathology is collagen disorganiza-
tion in the origin of extensor carpi radialis brevis 
and extensor digitorum communis. It’s a degen-
erative process than inflammatory process. With 
continued loading partial tears may occur. LE can 
also be characterized as an enthesopathy. 
Entheses are close to many sensory nerve end-
ings that affect proprioceptive input. It can occur 

with striking sports as well as occupations involv-
ing repetitive motions of wrist and elbow during 
pinching and grasping [37–39].

5.3.3  Elbow’s Response to Injury, 
Trauma, and Rehabilitation

Frequently after trauma, musculoskeletal tissues 
and innervating mechanoreceptors are damaged 
[40, 41]. Therefore after resolving trauma, persis-
tent pain and swelling, the loss of musculoskele-
tal tissue and its mechanoreceptors causes 
impairment in proprioception [42–44]. In surgi-
cally treated dislocations, cortical deafferentation 
causes alterations in the motor scheme due to 
anaesthesia and immobilization period [45]. 
Soon after surgery, giving perceptive rehabilita-
tion including mental imagery techniques for 
recovering the perception of movement should be 
planned for recovering fast reflex responses after 
external stimulations [46].

5.3.4  Surgery or Conservative 
Treatment? Which Is Better 
for Proprioception?

Treatments aim functional recovery as early as 
possible either surgical or conservative. 
Sometimes surgery may seem harmful in regard 
of damaging the mechanoreceptors as a conse-
quence of incision, oedema, pain and immobili-
zation. Also, anaesthesia procedures may affect 
cortical representation in surgical exposure area. 
Nonetheless, surgery generally accelerates the 
duration of functional recovery. For example in 
the case of persistent LE problem surgery may 
improve the quality of life and function more 
early than conservative follow-up. Some elbow 
surgeries such as total elbow arthroplasty are 
quite traumatic. Medial and lateral skin flaps are 
raised, triceps is reflected, both flexors and exten-
sors are released, collateral ligaments are released 
and the capsule is excised. This means that a 
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huge damage to the main sources of propriocep-
tive afferent system can be expected. This kind of 
extensive surgery affects the proprioception of 
elbow. Besides, anaesthetic method also affects 
joint position sense. Also, anaesthetics may lead 
deafferentation in cortex and diminish joint posi-
tion sense [47].

For these reasons, main factors to consider for 
proprioception when deciding surgery are preser-
vation of afferents, promotion of regeneration of 
mechanoreceptors and modification of protective 
reflex arcs as possible.

• Preservation of afferents: While operating 
around elbow joint, mechanoreceptors and 
afferent nerves of joint structures must be pre-
served as much as possible. For this purpose, 
arthroscopy may offer better results than open 
surgery.

• Promotion of regeneration of mechanore-
ceptors: After surgery, density of afferents may 
decline. To prevent this loss, preserving original 
tissue tensions during repairing structures is 
crucial.

• Modification of protective reflex arcs: In 
the inadequacy of ligamentous stabilization, 
muscles undertake the function as dynamic 
stabilizer of the joint, i.e. hamstring func-
tion as in anterior cruciate ligament rupture 
[48].

Although it is well known that surgery deteri-
orates proprioception, it is not possible to make a 
comparison with conservative management of 
selected pathologies. Firstly, surgical decision- 
making is quite easy in pathologies such as mul-
tiple fractures, advanced degenerative diseases, 
dislocations with multiple ligamentous injury, 
instabilities and tumours. Secondly, painful 
pathologies including overuse injuries, nerve 
compression syndromes and rheumatic condi-
tions are generally followed with conservative 
approach. However this rough distinction is not 
always correct. In the light of this discussion, a 
paradigm can be developed: Whole upper extrem-
ity should be evaluated and treated in all local-
ized pathologies with conservative approaches. 
Because surgery targets only affected part, where 

the symptoms arising from other parts of extrem-
ity can be underestimated.

5.4  Assessing Proprioception 
in Elbow

Specific tests of proprioception assess an indi-
vidual’s status with regard to joint position sense 
(JPS), kinaesthesia or force sense [26, 49]. Tests 
can be performed under passive (biasing joint 
mechanoreceptors) or active conditions (stimu-
lating joint and muscle-tendon mechanorecep-
tors) [49, 50]. The joint position error (JPE) test 
is considered the primary measure of upper limb 
proprioception and has been widely used as an 
outcome indicator especially for patients with 
cervical spinal cord injury. JPE tests assess preci-
sion or accuracy in repositioning a joint at a pre-
determined target angle [51, 52]. A decrease in 
JPE indicates increased ability to reposition the 
joint after active movement.

Kinaesthesia tests assess the ability to per-
ceive joint movement measured using threshold 
to detection of passive motion (TTDPM) [51, 
52], movement discrimination tests [53, 54] or 
acuity of a tracking task [55]. Force sense tests 
assess the ability to perceive and produce a previ-
ously generated and predetermined sub-maximal 
quantity of force [52, 56, 57].

Threshold testing and joint position matching 
methods examine different physiological aspects 
of proprioceptive function. Because threshold 
testing is based on passive motion, it most closely 
reflects afferent sensory feedback processing (i.e. 
proprioception). Matching methods require 
active motion and are consequently influenced by 
additional sensorimotor processes. Factors such 
as working memory and transmission between 
brain hemispheres also influence joint matching 
task outcomes.

Several variables are commonly calculated in 
JPS, TTDPM and force sense tests. Variables 
include constant error (CE), variable error (VE) 
and absolute error (AE) [58]. These variables are 
intended to describe different aspects of JPS and 
force sense. Acuity at a pursuit or tracking task is 
commonly presented as deviation from target, or 
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time on target [58]. Researchers have used three 
to five test trials to generate reliable mean values 
at the extremity joints [52, 56, 59]. A limitation 
of these proprioception tests is that they involve 
cognitive components and provide an indirect 
measure of proprioception. Other factors can also 
affect results. The size and speed of the move-
ment should be standardized, or specific to a 
functional task [60, 61]. Larger errors can be 
expected when assessing children and the elderly 
compared to younger adults [62]. Muscle thixot-
ropy, which is history-dependent passive stiffness 
of the muscle [63], can also affect the results and 
thus isometric contraction of the muscle at the 
test position before assessment, especially in pas-
sive tests, i.e. prior to the passive movement, is 
recommended [26].

5.5  Rehabilitation Approaches 
After Elbow Injury

Regardless of injury model (due to surgery, 
trauma and idiopathic), connective tissues 
undergo inflammatory, fibroblastic and remodel-
ling phases [5]. During the inflammatory phase 
treatment should be focused on protecting the 
healing structures, maintaining stability, control-
ling pain, minimizing oedema and moving the 
elbow through a stable arc of motion by perform-
ing active assisted ROM exercises.

In the fibroblastic phase, the tensile strength 
of the healing tissue is minimal and progressively 
increases with time. Increased collagen density 
contributes to contracture formation [64]. Gentle 
passive ROM exercises together with active ROM 
exercises are added to this program to influence 
the collagen remodelling in a way that allows 
motion of the joints. As the patient advances 
through the fibroblastic phase, light activities of 
daily living are encouraged. Patients are cau-
tioned with respect to the intensity of exercise to 
prevent a new inflammatory response. Static pro-
gressive splinting to gain ROM is considered, 
depending on the pathology.

During the remodelling phase passive, active 
and progressive strengthening exercises enhance 
collagen orientation and plastic elongation of 

musculotendinous and capsular tissues. Low- 
grade joint mobilization techniques should be 
started initially [65, 66]; progressing to high 
grades is also effective in increasing joint mobil-
ity and ROM. Static progressive splinting 
together with progressive resistive muscle 
strengthening increases mobility and strength. 
Endurance training and work hardening then are 
added to the program.

Rehabilitation approaches should be designed 
as painless as possible for preventing adverse 
affect of pain on proprioception. Almost all reha-
bilitation regimes focus on motor performance- 
based functional improvement. However a 
sensorial input-based proprioceptive function 
should be the first step in elbow injuries. 
Especially after surgery, mental imagery can be 
initiated during the immobilization period and it 
can be maintained during whole rehabilitation to 
preserve communication between cortical and 
peripheral structures. Although mirror therapy is 
a preferred method for providing sensorial input 
after injury [5, 67], however it may be difficult to 
prepare a mirror box for elbow.

After trauma, basic principles of rehabilitation 
are containing drawbacks of immobilization, 
avoiding stress of the healing tissue over a certain 
limit, fulfilling defined criteria before moving to 
next stage and keeping programme patient based 
and up to date [68]. Rehabilitation principles can 
be chronologically grouped into four stages: 
stage of early mobilization, intermediate stage of 
recovery, stage of advanced strengthening and 
return to working/sports activity [45].

In a rehabilitation programme, proprioceptive 
retraining is used to improve dynamic stability of 
the joints. Dynamic stability is proprioception’s 
duty in regulation of joint function. Normally, in 
excessive joint movements, ligament tension 
increases which causes proprioceptive stimuli fol-
lowed by response of muscle contraction to stabi-
lize and protect the joint [5]. In this situation, any 
disruption on ligaments may disrupt this function.

Reducing causes of “inhibition” of proprio-
ception should be aimed; pain, effusion and 
fatigue are known inhibitors of proprioception. 
So any intervention on these inhibitors would 
improve proprioception [21].
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Mobilization of the humeroradial, proximal 
radioulnar and humeroulnar joints in rehabilita-
tion of elbow trauma has a role in reducing pain, 
decreasing muscle spasm and gaining motion if 
followed immediately by active or passive 
motion. Initially oscillatory motions of the elbow 
are effective in stimulating tendon and proprio-
ceptive end organs, which inhibits muscle spasm 
and muscle co-contraction [65, 66, 69].

After resolving causes for inhibition of proprio-
ception, improving awareness of joint position and 
joint motion or kinaesthesia should be the new 
focus of rehabilitation programme. Mimicking a 
specific position angle of healthy side with affected 
elbow and remembering the previosly shown 
elbow angle with or without vision can be pre-
ferred as basic proprioceptive exercises. Mirror 
therapy can be used to enhance this process. 
Creating illusion of motion of the involved side 
would influence cortical areas of sensorimotor 
control which will increase motor performance 
[5]. If possible, rhythmic stabilization, exercises 
for the shoulder, wrist and elbow can be started in 
the early-stage to provide correct neuromuscular 
control of the whole upper limb [45].

Closed kinetic chain exercises with minimal 
loading should be started as early possible. Pain- 
free loading and ROM are important to avoid 
afferent suppression due to pain.

When the elbow reaches a painless and stable 
function regardless of ROM, proprioceptive reha-
bilitation can also be started in order to obtain 
fast reflex responses to external stresses. Closed 
kinetic chain exercises with loading should be 
initiated [45].

The next stage involves focusing on the mus-
cles that aids/protects ligaments and joint in order 
to support and increase joint stabilization and 
improve proprioception. Open kinetic chain exer-
cises with resistive tools should be started.

The concept of total arm strengthening is 
encouraged using proximal stability and enabling 
distal mobility, to ensure adequate muscular per-
formance and dynamic joint stability. In addition, 
neuromuscular control exercises are performed 
to enhance dynamic stability and proprioceptive 
skill. These exercise protocols include proprio-
ceptive neuromuscular facilitation exercises such 

as rhythmic stabilizations and slow reversal 
holds, which can progress as tolerated to rapid 
diagonal movements [69, 70].

Neuromuscular joint facilitation (NJF) is a 
new therapeutic exercise based on kinesiology 
that integrates the facilitation element of proprio-
ceptive neuromuscular facilitation (PNF) and 
joint composition movement, aiming to improve 
the movement of the joint through passive, active 
and resistance exercises. NJF is used to increase 
strength, flexibility and ROM, and improve elbow 
function. NJF uses the same motion pattern as 
PNF, but the location of resistance of NJF is dif-
ferent, i.e. proximal resistance is applied to the 
biceps or to the brachialis muscle tendon attach-
ment point in elbow patterns [71–73].

5.5.1  Effects of Taping/Orthotics 
on Elbow Proprioception

Application of an elastic bandage improved 
elbow position sense in the study of Khabie. 
Although it does not provide mechanical sup-
port, it’s believed that it stimulates skin receptors 
and enhances proprioceptive function during 
application. However its effect ends with remov-
ing the bandage [74]. Similarly, effect of taping 
on proprioception has been investigated in many 
studies involving different joints. Bae showed 
that spiral kinesio taping was effective on func-
tional ankle instability within 30 min after appli-
cation [75]. It affects sensory modulation and 
may organize synaptic organization through 
afferent stimulation in short-term duration in 
pathological conditions. However, Long et al. 
stated that kinesio taping may impair proprio-
ception in healthy people via input overload 
[76]. It can be concluded that kinesio taping pro-
vides significant sensory stimulus on afferent 
system and its usage in pathological conditions 
is recommended.

Augmentation of somatosensory information 
via passive techniques such as manual therapy, 
soft tissue techniques and taping or braces can be 
valuable as they stimulate the mechanoreceptors 
in joints, soft tissues and skin to send a barrage of 
sensory information to the CNS [77].
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The peripheral somatosensory receptors 
located in the superficial skin layers and their 
relationship to pain, proprioception and motor 
control have been investigated, and recent studies 
support the reported physical effects of kinesio 
taping on skin, lymphatics, and muscle and joint 
functions [5].

Skin envelops the body with sensory receptors 
that signal to the CNS changes in the environ-
ment, which then elicits a response. These 
responses can range from simple reflexes, such as 
shivering to control heat loss, to reflexes as com-
plicated as intricate muscle control to walk a 
tightrope blindfolded. Each of these responses 
requires a different degree of cortical control but 
functions on the same neurologic pathways. 
Cutaneous sensory receptors include mechanore-
ceptors, thermoreceptors and nociceptors. CNS 
responses are determined by the type and extent 
of stimulation to these receptors. The elastic 
properties of Kinesio Tex Tape provide increased 
low-threshold excitement to these somatosensory 
receptors during movement and at rest, thereby 
increasing somatosensory input to the CNS [5].

The application of an elastic bandage is shown 
to improve elbow proprioception [74]. Similar 
findings have been reported in studies investigat-
ing proprioception in other joints. A study of pro-
prioception of osteoarthritic knees [78] 
demonstrated an improvement in joint awareness 
when an elastic bandage was applied. They con-
cluded that wearing an elastic bandage improves 
joint position sense in knees.

Taping affects the inflammatory responses. 
Pain and oedema which are inhibitors of pro-
prioception can be decreased by taping. The 
anterolateral system transmits information from 
the skin on crude touch and pressure, contribut-
ing to touch and limb proprioception. This path-
way also transmits thermal and nociception 
information to higher brain centres, much like 
the medial lemniscal system. The gate theory for 
pain control views the neurologic system as a 
simple three-axon chain system. This theory 
supports the idea that superficial stimulation of 
first-order afferent receptors in the skin can 
inhibit the transmission of pain at the spinal cord 
level. Theoretically, kinesio taping may stimu-

late the somatosensory system to reduce pain. 
When properly applied to stretched skin, the 
elastic recoil of the tape may accomplish the 
following:

• Increases sensory stimuli to mechanorecep-
tors, thereby activating the endogenous anal-
gesic system

• Possibly activates the spinal inhibitory system 
through stimulation of touch receptors

• Possibly activates the descending inhibitory 
system

• Decreases pain by reducing inflammation, 
thereby decreasing pressure on nociceptors [5]
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6.1  Assessment of Proprioception 
in the Hand

Three main testing techniques in the literature 
have been reported for assessing proprioception 
of proximal joints and hand/wrist. These tech-
niques are threshold detection of passive motion, 
joint position reproduction also known as joint 
position matching, and active movement extent 
discrimination assessment [1, 2]. However, stan-
dardization of these tests is poor and it is really 
hard to detect small changes which is an impor-
tant issue in hand within these tests [3, 4].

Threshold to detection of passive movement 
direction discrimination test is assessed as the 
body segment is passively moved in a predeter-
mined direction. Participants are instructed to 
press a stop button as soon as they perceive the 

movement and direction. This can be named as 
the evaluation of kinesthesia as well. The assess-
ment of kinesthesia is the smallest change in joint 
angle needed to elicit conscious awareness of 
joint motion, as related to time (∆/s) [5]. So by 
evaluating the threshold to detection of passive 
motion you are assessing the ability of detecting 
the slow motion. However hand joints could not 
be aware of slow motions like the knee joints did. 
It is shown that hand isometric flexion/extension 
contractions caused 6–7° of perceived hand dis-
placement. So in clinical practice it is advised 
to use a professional device like the Upper limb 
exerciser (Biometrics Ltd., Ladysmith, VA) or a 
Biodex Dynamometer (Biodex Medical Systems 
Inc., Shirley, NY) to be able to detect the minimal 
change and speed of motion or kinesthesia [6].

Joint position reproduction testing technique 
could be conducted either passively or actively 
which may involve either ipsilateral limb move-
ments called “ipsilateral remembered matching 
test” or contralateral limb movements called “con-
tralateral remembered matching test.” This tech-
nique measures subject’s ability to detect passive 
movement or the ability to reposition a joint to a 
predetermined position [7]. This method requires 
some basic cognitive capacities so it may not be a 
suitable method for neurological problems [8, 9].

Active movement extent discrimination 
assessment is conducted using active movements. 
Participants are asked to make a judgement as to 
the position number of each test movement [1].
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Studies on assessing proprioception in the 
upper extremity have mainly concentrated on the 
proximal joints like elbow and shoulder. There 
is still a lack of consensus in the literature about 
simple, clinically suitable, and reliable method to 
assess proprioception of hand or wrist. Although 
its reliability and validity are still criticized, using 
a goniometer to easily assess joint position sense 
of the hand and wrist seems to be the simple and 
reliable method. Reproducibility of wrist motion 
with a simple goniometer was reported for intra- 
observer as 5–8° and for interobserver as 6–10° 
[10]. To assess active joint position sense with a 
simple goniometer the patient is asked to actively 
move his wrist till the predetermined target posi-
tion. For passive assessment, the therapist moves 
the wrist and the patient signals when it has 
reached the target position [11]. Some studies in 
the literature describe the measurement technique 
of joint position sense of wrist joint. Gay in his 
study described wrist joint position measurement 
device by avoiding cutaneous and visual inputs 
which may affect joint position sense. According 
to his study “this system allows the researcher 
to decrease extraneous influences that may 
affect joint position sense awareness and there-
fore improve the knowledge of the mechanisms 
underlying kinesthesia and proprioception” [12]. 
Figure 6.1: Magnetic motion tracking system for 
the measurement of proprioception following 
stroke is also described by Leibowitz [13].

In a clinical setting, static and dynamic “up 
or down test” at the distal interphalangeal joint 
is the only widely acknowledged clinical test of 
finger proprioception. This is a simple test but 
it is able to recognize proprioceptive loss only 
from gross sensory deficit. In this test therapist 
holds the patient’s finger and gently flexes and 
extends and asks the end position of the finger 
[4]. Since speed and displacement cannot be pre-
cisely measured within this test, it is not a reli-
able and valid test for the measurement of hand 
proprioception. Some clinicians use the thumb 
localizing test. Other studies use paradigms like 
pointing, reaching, matching, or other judge-
ment tasks to analyze proprioception in healthy 
subjects or neurological deficit patients. Despite 
their advantage of being simple and quick these 

methods all have very poor inter-rater reliability 
and sensitivity and lack of sensitivity to change 
and value criteria [4, 14].

Recent studies focused on assessing position 
sense displacing joints below the sensory thresh-
old, at an angular velocity of <2/min. Other 
authors emphasize that examining dynamic 
motion better simulates joint activity during 
functional tasks [15].

Portable novel devices are also introduced 
in the literature to assess proprioception of the 
hand and wrist. The device called “propriocep-
tor meter” is reported in the literature as a new 
portable device with a high intra-rater and inter-
rater reproducibility for measuring propriocep-
tion in the hand. It requires the subject to observe 
a target angle and actively match the position 
with a hidden index finger [16]. See Fig. 6.1: Han 
described a novel device for measuring functional 
proprioception at the fingertips. This device was 
constructed for measuring pinch movement dis-
crimination between index finger and thumb 
(Fig. 6.1) [17].

In recent years robotic systems are used to 
evaluate and also train the proprioception of the 
upper extremity [18]. They are launched as quan-
titative and sensitive and can detect motor and 
sensory compared with the conventional assess-
ment methods. Different systems have been 
reported in the literature. Masia and Cappello 
et al. in their studies introduced the use of the 
3-DoF wrist robot to assess the wrist proprio-
ceptive acuity for flexion-extension, abduction- 
adduction, and pronation-supination [19–21]. 
Marini in his study also used a robotic device 
for three degrees of freedom flexion/extension, 
radial/ulnar deviation, and pronation/supination 
to examine physiological mechanisms under-
lying the position sense of the wrist (Fig. 6.1) 
[22]. He also presents a robot-aided method to 
assess joint position sense acuity for the three 
degrees of freedom of the wrist/hand complex 
in a cohort of typically developing children [23]. 
A novel exoskeleton robot called “finger” has 
also been introduced for quantitatively assessing 
dynamic position sense in the finger joints (see 
Fig. 6.1) [24]. Contu introduced “the wrist,” a 
standardized robot-aided method for measuring 
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proprioceptive discrimination thresholds at the 
wrist to obtain reliable and accurate measures 
of proprioceptive acuity (Fig. 6.1) [25]. Hosein 
had also described a simple-to-use and portable 

novel proprioception measurement technique 
named “adaptive staircase measurement” for the 
hand and fingers. There is a tablet-style computer 
screen over the pronated hand with a white line 

Fig. 6.1 Novel devices described in the literature to assess proprioception of the hand
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presented at varying angular increments from the 
joint being tested. With each stimulus presenta-
tion, the subject reports whether he or she feels 
that the white line is left or right of his or her 
index fingertip. The psychometric properties of 
the test (test-retest reliability, inter-rater reliabil-
ity, and construct validity) are reported as very 
high [26].

These methods could be summarized as 
threshold detection of passive motion, displace-
ment perturbations, joint position matching, and 
reproduction and difference threshold tracking 
methods [9, 12, 20, 24, 27–32]. Robotic tech-
nology can provide a reliable quantitative result 
to assess proprioception but these systems are 
mostly experimentally research-oriented meth-
ods and really expensive systems so they could 
not be clinical assessment methods for hand ther-
apy clinics.

In conclusion, there is still lack of single reli-
able and valid assessment tool which is quick and 
easy to perform at a clinical setting for the assess-
ment of proprioception of the hand and wrist. 
Assessments are unreliable and mostly subjective 
and lack standardization and some of them are 
expensive and of experimental design.

6.2  Rehabilitation Program 
in Wrist Proprioception

Evidence-based clinical studies revealing the 
results of proprioceptive training after wrist inju-
ries are inadequate. For this reason, rehabilitation 
protocols can be formed within the framework 
of theoretical principles that are used in the knee 
and ankle joints [33–35].

Proprioceptive training to be applied to the 
wrist should be sustained in two phases: Late and 
early phases post-injury [6].

6.2.1  Early-Phase Rehabilitation 
Methods

The most important findings that cause impair-
ment are pain, edema, and decrease in the range 
of active motion which develop in the early 

period and depend on the severity and type of 
injury. Immobilization which develops due to 
injury or surgery may lead to functional deficits. 
In addition, if there is an accompanying nerve 
injury, a loss or reduction in the sensation of the 
wrist and hand may also arise. Therefore, a defi-
cit in conscious proprioception should be taken 
into consideration in this period.

Proprioceptive exercises done in the early 
phase could prevent functional demands that may 
occur due to the prolonged immobilization pro-
cess. Thus the recovery of functional movement 
can be facilitated [36–38].

Pain is the most important symptom that 
causes immobilization in the early period after 
injury. Proprioceptive losses that occur during 
the immobilization process are inevitable. By 
increasing function via early pain management 
techniques such as cold application and elevation, 
possible central neuroplastic changes can be cor-
rected or prevented in the early phase. Activity 
modification, visual feedback methods such as 
mirror therapy, and desensitization training con-
sisting of methods like tactile stimulation and 
vibration can be used in the treatment of pain dur-
ing this period [39, 40]. By using these methods, 
the input on the peripheral proprioceptive path-
ways will be increased; thus early sensory reedu-
cation will take place and central reorganization 
will be restored. Vibration and tactile  stimulation 
applied on the wrist skin and musculotendinous 
receptors increase the activation of the muscle 
spindle, kinesthetic motion sensation, and central 
sensorimotor function. Hence functional move-
ment is achieved [41, 42]. The same mechanism is 
also applicable for closed kinetic chain exercises 
of the wrist (e.g., rolling a ball on a table). With 
these exercises, reduction of pain will be ensured 
and via controlled loading on the tissue functional 
joint movement will be established [43].

As mentioned previously, mirror therapy is 
one of the treatment methods that can be applied 
in the early phase of wrist injuries. Mirror therapy 
is a visual feedback method performed by using 
the position and movement of the healthy limb. 
With this method, the sensory cortical represen-
tation of the affected limb on the other side of the 
mirror is established and joint position and move-
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ment sensations which could not be achieved 
due to pain are improved leading to a functional 
active range of motion [44–46].

Passive and active range-of-motion exercises 
done in the early phase contribute to propriocep-
tion. Passive wrist positioning and subsequent 
active movement performed by the patient are 
used to treat the impairments of joint position 
sensation. Active wrist movements may increase 
proprioceptive input after injury and may also 
prevent neglect caused by immobilization. 
Exercises which include active wrist movements 
such as rolling a small exercise ball on a table 
and wiping the table with a cloth can be recom-
mended in the early phase (Fig. 6.2). With the use 

of such methods, tactile sensory feedback will be 
provided, and spinal cord reflexes and supraspi-
nal feed-forward efferent pathways and muscles 
that provide automatic synergistic movement pat-
terns will be stimulated [6].

6.2.2  Late-Phase Rehabilitation 
Methods

Late-phase rehabilitation methods are particularly 
used to increase muscle strength and joint stabili-
zation. The factor that will shape the strengthen-
ing programs principally is tissue healing.

The healing process and type (bone, connec-
tive tissue, tendon, etc.) of the injured tissue, 
type of surgical intervention (immobilization, 
surgery, etc.), and patient-related factors (such 
as bone and soft tissue quality) will differen-
tiate the initiation time of the strengthening 
exercises. For example, in fractures, the initia-
tion time is 8 weeks. However, depending on 
the type of intervention (immobilization, type 
of surgery), type of fracture, and bone quality, 
this time may vary. For soft-tissue injuries such 
as ligament injuries, because the healing pro-
cess will take longer, the initiation of strength-
ening exercises may extend up to 10–12 weeks  
[47, 48].

Wrist movements during function include 
many synergist patterns. For this reason, agonist 
and antagonist muscles should be included in 
the strengthening exercises. Isometric exercises 
are a safe method in the event of an injury with 
prolonged healing and an immobilization phase. 
At the same time, isometric exercises performed 
on the contralateral extremity will contribute to 
strengthening via bilateral cortical stimulation 
and stimulation of feed-forward efferent path-
ways [47, 49, 50].

Isotonic resistance exercises should be used 
to increase proprioceptive input and to support 
global stabilization. Isotonic resistance exercises 
provide concentric and eccentric muscle contrac-
tions over a wide range of motion. In this respect, 
contribution to dynamic joint stabilization is 
formed by reciprocal and recurrent muscle acti-
vation patterns.

Fig. 6.2 Rolling a ball on a table or wall with different 
sizes of balls
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Muscle strength and endurance are important 
in the enhancement of proprioceptive sensation 
and sensory motor joint control. Different appa-
ratuses such as weights and resistance bands can 
be used for strengthening exercises (Fig. 6.3). 
In order to increase muscle endurance, the 
exercises should consist of many repetitions. 
Exercise parameters (frequency, number of rep-
etitions, and loads) should be patient specific. 
Programs should be taught to the patient in detail 
and a home exercise program must be planned 
[51, 22].

Perturbation and reactive exercises are also 
included in late-phase exercises. These exer-
cises often provide unconscious proprioceptive 
input and provide joint control and stability in 
activities of daily living. Different materials 
such as exercise balls and handheld gyroscopes 
may be used in perturbation and reactive exer-
cises (Fig. 6.4). These exercises have closed 
kinetic chain and open kinetic chain proper-
ties concurrently. During the exercises, not 
only the wrist but also the entire upper extrem-
ity and the whole body contribute actively to 
the exercise. Thus multiple joint stability is 
achieved [52].

6.3  Proprioception 
in Orthopaedics Conditions

The joint mechanoreceptors such as “Ruffini end-
ing,” “Pacini’s corpuscle,” “Golgi-like receptor” 
and innervation distribution of the wrist and hand 
play a critical role in order to maintain the joint 
proprioception. Since the Ruffini ending is the 
major mechanoreceptor type found in wrist liga-
ments, which are essential in monitoring wrist 
positions and motions, Pacini’s corpuscle has only 
been identified occasionally. They have minor 
importance in wrist neuromuscular stability. The 
Golgi-type endings are predominantly located 
in the wrist ligaments and important in monitor-
ing tensile strain in the ligament during ultimate 
angles of joint motion. Regarding the wrist liga-
ments, the innervation is most pronounced in the 
dorsal and triquetral wrist ligaments—the dorsal 
radiocarpal, dorsal intercarpal, dorsal scapholu-
nate, palmar lunotriquetral, and triquetrocapitate/
hamate ligaments. However the radial and volar 
wrist ligaments consist of collagen fibers with 
little to no innervation [53].

Several conditions may impair the proprio-
ception and sensorimotor function of hand and 

Fig. 6.3 Using weights to improve muscle strength Fig. 6.4 Perturbation exercises on the wall
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wrist. Especially upper extremity conditions such 
as carpal tunnel syndrome, distal radius fracture, 
metacarpal fractures, dislocation, and complex 
regional pain syndrome are the common causes 
of the proprioception deficits. To manage these 
conditions, different modalities are incorporated 
into practice to enhance proprioception input and 
restore hand and wrist function [54].

 Conclusion

However clinical studies are needed to investi-
gate the effect of proprioception reeducation 
in patients and individuals with a high demand 
on wrist function in both preventing and reha-
bilitating wrist injuries.
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Proprioception After Spine Injury 
and Surgery
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7.1  Introduction

Proprioception is an important component of 
the somatosensory system of the human body. 
It is a fundamental sense that provides postural 
control, balance, and movement precision. It 
consists of movement sense (kinesthesia), joint 
position sense (conscious or unconscious), and 
force sense [1]. It perceives the force, weight, and 
timing of the muscle contractions [2, 3]. Spinal 
proprioception plays a significant role in somato-
sensory system. Cervical proprioception not only 
gives information about neck proprioception and 
position changes in shoulder girdle, but it is also 
associated with vestibular and visual systems [1, 
3]. Trunk provides proprioceptive information 
on the extremity girdles, and supplies dynamic 
and static stabilization of the body. A decrease 
in position sense will cause a decrease in control 
of the middle-layer muscles of the spine, lead-
ing to spinal instability [3]. Various studies have 

proven that a decrease in spinal proprioception 
and balance leads to sensorimotor dysfunction 
and impaired motor control which are risk fac-
tors for traumas, pain disorders, and deformities 
such as scoliosis. Although the studies are lim-
ited in number, they reveal that an intact spinal 
proprioception is fundamental for static and 
dynamic balance [3], after spinal surgery. Hence, 
in order to protect this precious “sixth sense” of 
the human body, a precise understanding of the 
anatomy, assessment, etiological factors of dis-
ruption, consequences, and management of these 
disorders is required.

7.2  Description

Proprioception contributes to awareness of body 
parts, their movement, and position [4]. It is a 
crucial sense for maintaining verticality. Static 
proprioception gives the information on position 
and dynamic proprioception gives the informa-
tion on movement to central nervous system. 
Thus, it is the most valuable sense in internal 
representation of the adult body map, also known 
as body schema, which is needed for appropri-
ate motor commands [1, 4, 5]. Additionally, pro-
prioception provides information at the end of the 
movement; this is needed to compare intended, 
predicted, and actual movements, and is therefore 
essential for motor learning [1].
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Proprioception continuously works in interac-
tion and coordination with visual and vestibular 
inputs [6], which are integrated and processed 
in the central nervous system. This results in 
an adapted final motor command that coordi-
nates activation patterns of skeletal muscles. It 
is important to take these interactions into con-
sideration when performing tests to measure 
one between visual, vestibular, and propriocep-
tive sense. Cervical proprioceptive information 
plays a particularly important role in head and 
eye movement control through its connections 
with vestibular nuclei. Cervical proprioception 
is involved in cervico-collic, cervico-ocular, and 
tonic neck reflexes [1].

7.3  Anatomy

Proprioceptive information is sensed by a combi-
nation of different structures in the body, which 
are termed as proprioceptors/mechanoreceptors. 
Spinal proprioceptors consist of fascial/joint pro-
prioceptors, muscular proprioceptors, skin pro-
prioceptors, and graviceptors [3, 7].

Muscular proprioceptors are considered the 
most important source of proprioceptors [7]. 
There are two forms of muscle receptors: muscle 
spindles and Golgi tendon organs. The density of 
muscular proprioceptors varies throughout the 
body, according to demand. An example is the 
high density of muscle spindles at suboccipital 
muscles of the neck due to cervical spine’s role 
in head and eye movement control mechanism 
[1, 8].

Fascial and joint proprioceptors are located 
in joint capsules and deep muscular fascia. They 
contribute to both static and dynamic position 
senses. Changes in joint positions create tension 
and compression leading the facet joint mecha-
noreceptors to send signals to central nervous 
system (CNS) [3]. Joint proprioceptors sense the 
entire range of motion and are vital for joint sta-
bility [1, 9, 10].

Skin mechanoreceptors are categorized into 
four: Meissner’s corpuscles, Pacinian corpuscles, 
Merkel endings, and Ruffini endings. The pro-
prioceptive information from skin contributes to 

both dynamic position and velocity sense accord-
ing to the location in the body [7, 11]. Skin plays 
a significant role in kinesthesia and contributes to 
movement sensation in most joints [7].

Graviceptors also help perception of pos-
tural verticality [12]. They are divided into two 
groups, vestibular and extra-vestibular, and they 
are mostly found in the head and trunk [13, 14]. 
They provide information on changes in the body 
with respect to gravity line [3].

The proprioceptors of the spine are located in 
the intervertebral discs, facet joints, spinal liga-
ments, and spinal muscles [3, 15]. Muscle spin-
dles are the most important structures responsible 
for proprioceptive sensory perception, and the 
most powerful stimulus is muscle-tendon vibra-
tion [3]. Animal studies have demonstrated that 
the viscoelastic and ligamentous structures of the 
spine have a major role in kinesthetic perception 
within the sensory cortex and in spinal muscle 
control [16]. The proprioceptors in ligaments 
become activated when stretched and contribute 
to both static and dynamic spinal proprioception 
[3], as well as the ligamento-muscular reflex of 
the lumbar spine [17]. Intervertebral disc recep-
tors are found in the external layers of annulus 
fibrosus and their location varies with age. The 
proprioceptors of facet joints are mostly found in 
the cervical spine due to its higher mobility [14].

The conscious proprioceptive information 
reaches the CNS via three connections. First, it is 
delivered to medulla spinalis via peripheral neu-
rons through dorsal root ganglions. The axons 
connect to nucleus cuneatus and nucleus graci-
lis. From there, the information is sent to ventral 
posterolateral nucleus of thalamus. Finally, the 
axons terminate in the somatosensory cortex. On 
the other hand, the unconscious proprioceptive 
information is delivered to cerebellum via spinal 
nucleus [1, 3].

7.4  Assessment of Spinal 
Proprioception

Clinical assessment of proprioception can be gen-
erally divided into specific and nonspecific tests. 
Specific assessment comprises  measurement 
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of kinesthesia, joint position sense, and force 
sense. Nonspecific tests measure the balance of 
the body and include visual, vestibular, and pro-
prioceptive senses, as well as central nervous 
system and motor function. Different variables 
can be calculated while the subject reproduces 
a predetermined target, which are constant error, 
variable error, and absolute error. Constant error 
corresponds to deviation from the target and 
shows accuracy and error as in overshooting or 
undershooting the target. Absolute error also pro-
vides an estimate of accuracy, but unlike constant 
error the direction of the error is not considered 
in the calculation. Variable error indicates preci-
sion of movement. Hence, with these variables, 
precision and accuracy of joint position sense and 
threshold to detection of passive motion can be 
described [1].

In order to get the most accurate results as in 
the means of power of the study, spinal proprio-
ception tests should include at least six trials, 
since this is the point where precision tends to 
stabilize [18]. Spinal proprioception depends on 
the position of the body, as in means of standing 
and lying [3]. Experiments have revealed that 
the best position for the accuracy of propriocep-
tive sense is vertical [19]. Also, specific pertur-
bations of sensory information during the tests 
must be used to differentiate the proprioceptive 
information [1, 20]. It has been demonstrated 
through various experiments that visual stimuli 
result in visually evoked potentials and can ini-
tially override vestibular and proprioceptive sig-
nals. The occlusion of visual sensation results in 
upregulation of vestibulo-proprioceptive infor-
mation in the central nervous system [6]. The 
size and speed of the movements should be stan-
dardized between trials and subjects [1]. It must 
be kept in mind while choosing subjects that 
adolescents and adults have different levels of 
body schema and adolescents underuse proprio-
ception due to sudden growth-related changes in 
the body [4, 5].

Cervicocephalic relocation test/joint position 
sense is a specific test to study cervical spine 
proprioception in routine practice. The subject 
is seated on a chair with high back (to limit the 
trunk rotations) 90 cm from a wall in neutral head 

position, wearing a headband with laser pointer 
on sagittal plane. The laser emitter should be in 
the plane of ear’s tragus. The subject first faces 
the wall in neutral position, and the starting point 
is marked. The subject wears opaque glasses 
to fully obstruct visual sense, and performs an 
active neck movement, and then returns to start-
ing point. The final position is measured against 
the starting point. Cervical extension, flexion, 
and rotation are performed by the subject. The 
results show if there is any deficit in cervical 
proprioception [21–23]. The mean of eight trials 
is sufficient to give reliable measurements [24]. 
The joint position errors are calculated and the 
ones greater than 4.5° are considered abnormal. 
If overshooting the starting point, jerky move-
ments, or dizziness is present during the proce-
dure, cervicocephalic relocation test can be used 
to interpret the impairment [25].

Lumbar proprioception can be assessed 
via lumbar motion sense or motion perception 
threshold. The subject sits on a seat with a step-
per motor underneath, while upper body is fixed 
to backrest to minimize vestibular feedback, 
crossing arms over the chest, wearing eye cov-
erage and noise canceling headphones. Lumbar 
spine is rotated in the transverse plane, including 
an axial rotation of the lumbar spine, by rotat-
ing the seat via stepper motor at steady and slow 
rate. Vibration should be minimized by position-
ing a ball bearing under the seat. As the motion 
is sensed, the subject presses a switch that stops 
motion, and states the direction of motion (to 
minimize biased trials). The motion perception 
threshold of the subject is then calculated to eval-
uate lumbar proprioception [26, 27].

Cervical kinesthesia can be measured with the 
acuity of a tracking task. A sensor on the fore-
head of the subject and another on the back of 
the head is placed in the same sagittal plane. The 
subject is then seated in front of a computer mon-
itor at a distance of 100 cm. A marker moves on 
the monitor and the patient is asked to trace the 
unpredictable movement pattern of the marker. 
The mean displacement and time on the target 
are calculated, and the kinesthesia of the cervical 
spine is thus assessed [1, 20, 28].
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Force sense of a subject can be measured 
by comparing a force generated by the sub-
ject to the target force via pressure biofeedback 
devices. Cranio-cervical flexion test is an exam-
ple for assessing force sense in cervical spine. 
Electromyographic muscle activity and change 
in position and pressure are measured by a sen-
sor. The precision accuracy of the pressure and 
the ability to maintain it are used to evaluate the 
subject’s force sense [20, 29].

Fukuda-Unterberg stepping test is a nonspe-
cific dynamic test and is originally developed to 
measure the vestibular input, but it reveals the 
overall combination of somesthetic and vestibu-
lar information [5, 30]. It stimulates the activation 
of dynamic proprioceptive input and its central 
integration. The patient closes his/her eyes to 
eliminate visual afferents, and walks in place, 
with 45° hip flexion in every step, while arms are 
outstretched at 90°. A foot is chosen and its heel 
position and axis at the beginning are marked 
over the standing surface via drawing two sepa-
rate rays. After 50–100 steps, the rotation of the 
chosen foot is measured by measuring the angle 
between the axis of the foot in the beginning and 
in the end. Also, the distance between start and 
end positions of the heel is calculated. Due to 
its dynamic property, it can be used to assess the 
proprioception in adolescent idiopathic scoliosis, 
where dynamic proprioception is disrupted [3].

Oculomotor and eye-head coordination tests 
are nonspecific proprioception tests that can be 
used in patients with cervical pain disorder. The 
neurophysiological connections of cervical spine 
proprioceptors and visuo-vestibular organs make 
the test important. Maintaining gaze while mov-
ing head, coordination of eye and head move-
ment, and eye follow while keeping the head still 
in neutral neck position compared to neck torsion 
are some of the abilities that can be assessed to 
evaluate proprioception [1, 20].

Muscle-tendon vibration is another evaluation 
method of proprioception where transcutaneous 
vibration is performed to muscles or tendons. 
Action potentials created by specific frequency 
of vibrations cause kinesthetic illusion where 
CNS interprets the illusory sensation as muscle 

contraction. This leads to compensatory postural 
responses in the body, and therefore perturbs pro-
prioception [4]. Vibration of the trunk and neck 
elicits a tilt in body orientation both during quiet 
stance and walking [31]. This method can be 
used to evaluate the proprioception sense depri-
vation in balance control [32].

7.5  Spinal Proprioception 
Disturbances

Pain, fatigue, and trauma can cause propriocep-
tion disturbances [1]. Spinal proprioception can 
also be altered due to disc herniation, canal ste-
nosis, and deformity [33, 34].

Pain can affect proprioception at both periph-
eral and central levels of nervous system. Acute 
and chronic musculoskeletal pain disorders lead 
to impairments in cervical and lumbar proprio-
ception [1]. It has been shown that spinal proprio-
ception is affected not only during the pain, but 
also after the pain subsides [35]. In the presence 
of pain, the reflex activity is altered and nocicep-
tors are activated which leads to sensitivity of 
gamma muscle spindles. It can also affect the per-
ception in the central nervous system that leads 
to reorganization of the somatosensory cortex [1].

Cervical pain alters cervical joint position 
sense and sensorimotor control of the neck [35]. 
A disrupted cervical proprioception results in diz-
ziness, visual disturbance, and altered head and 
eye movement control. Balance is disturbed in 
the short term, while other musculoskeletal dis-
turbances might be observed in the long term [1].

Low back pain disrupts proprioceptive pos-
tural control, and leads to impairments in lum-
bar joint position sense and kinesthesia [15, 19, 
35–37]. Poor spinal joint position sense leads to 
joint instability and chronic pain, and the pain 
itself impairs proprioception, forming a vicious 
cycle [26, 34].

Impaired lumbar proprioception has been 
observed previously in lumbar spinal stenosis 
(LSS) patients. LSS patients have paraspinal 
muscle denervation, which is highly correlated 
with static and dynamic balance disruption, 
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and an impairment in paraspinal muscle reflex 
 activation [33, 38]. They have difficulties sens-
ing lumbar rotational movements, and this shows 
impairment in proprioception [39]. This may be 
due to a sensory loss or deficit in information 
processing. Their preparatory muscle activation 
is also impaired, which indicates a central control 
mechanism involvement [33].

Trauma causes loss of musculoskeletal tissue 
and mechanoreceptors and thus results in persis-
tent impairment of proprioception [1]. Parkhurst 
et al. did the first research to evaluate lumbar 
proprioception deficit and low back injury. They 
concluded that proprioceptive asymmetries were 
associated with injuries, and that proprioception 
deficits due to those injuries were mostly seen in 
sagittal and coronal planes. They also found that 
the risk of a low back injury was mostly corre-
lated with a preexisting spinal disorder [2]. This 
again creates a cycle where an injury would affect 
proprioception, and thus lumbar motor function, 
and consequently increase the risk of reinjury. 
Alteration in proprioception leads to impaired 
motor control and disruption in regulation of 
muscle stiffness [1]. Degraded motor function 
increases patient’s risk of trauma [2].

In the case of cervical spine trauma, sports 
concussions and motor vehicle accidents are 
major risk factors for whiplash injury. Cervical 
kinesthesia is impaired as a result of whiplash 
injury [40]. It has been suggested that risk groups 
such as rugby players should be tested for cervi-
cal proprioception following an injury and that 
cervical kinesthesia patients should be monitored 
and treated early [41, 42].

Spinal proprioception impairment can also 
accompany spinal deformities such as scoliosis. 
Neurological deficit due to scoliosis has first 
been suggested by Barrack et al. [43]. Later on, 
researchers have found correlations between 
adolescent idiopathic scoliosis (AIS) and pro-
prioception impairment. Guyot et al. showed 
in their study that some of the AIS patients had 
alterations in their cervical joint position senses. 
The postural control is perturbed in AIS due 
to alterations in sensory input, altered sensory 
re- weighting, central integration, and motor 

response [5]. Due to these disturbances, patients’ 
dynamic proprioception is impaired, yet they still 
have the same static proprioception level with 
healthy adolescents [5, 44]. Postural disturbance 
due to impaired proprioception may lead to pro-
gression of scoliosis [5, 21].

7.6  Prevention, Early Detection, 
and Management of Spinal 
Proprioception Disturbances

To prevent lumbar proprioception disturbances, 
the etiologies such as trauma should be avoided. 
Algahir et al. showed that sitting posture and 
shoulder position have effects on proprioception, 
which led them to the conclusion that seats with 
arm support should be preferred by risk groups 
such as office workers in order to prevent cervical 
proprioceptive disturbances [34].

Considering the potential complications of 
spinal proprioception disturbances, various stud-
ies have suggested screening in high-risk groups 
such as AIS patients, or patients with a history of 
spinal trauma [21, 41, 42]. An evaluation would 
be useful in early detection of proprioceptive 
disturbance and timely management, preventing 
vicious cycles of reinjury and further deteriora-
tion of deformities.

Physical therapy choices might be considered 
while managing proprioception disorder. Passive 
joint movement techniques have also been 
reported to have beneficial effects on spinal pro-
prioception [20]. To improve muscle strength and 
resolve fatigue, which is another cause of pro-
prioception impairment, specific proprioceptive 
trainings should be performed without provoking 
pain, effusion, or significant fatigue [1]. Vibration 
training is a method to alter spine proprioception, 
and an example is that isometric neck extension 
using a sling system with superimposed vibra-
tion stimuli significantly enhances force sense of 
cervical spine [20, 37]. Oculo-cervical program-
ming is a treatment option in improving cervical 
spine proprioception [21]. Case–control studies 
have shown that lumbar stabilization exercise has 
beneficial effects on lumbar proprioception [27].
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7.7  Proprioception and Spine 
Surgery

Spinal proprioception can be altered after spinal 
surgery. Janssens et al. showed that, 2 weeks after 
lumbar microdiscectomy, patients rely on their 
ankle proprioception rather than lumbosacral 
proprioception to maintain their balance. This 
maladaptation is more pronounced in paramedian 
approach compared to transmuscular. This may 
account for the disability seen in patients after 
lumbar microdiscectomy. Early physiotherapy 
may help resolve this impairment [45].

On the contrary, surgical restoration of spinal 
proprioception is a subject that is still under inves-
tigation. Kaariainen et al. evaluated the effects of 
spinal decompression surgery on 30 LSS patients. 
They have undergone total and hemilaminectomies, 
mostly on L3/L4 and L4/L5 levels. The results 
demonstrated that lumbar proprioception improved 
shortly after the decompression surgery, but deteri-
orated again with 2-year follow-up. Further studies 
must be performed to investigate surgical methods 
of proprioception restoration [33].

7.8  Future Directions

Proprioception in spinal surgery is a subject that 
requires further research. Studies on propriocep-
tive outcomes with different surgical approaches, 
pathophysiology of the proprioception distur-
bances in spinal disorders, and surgical treatment 
options for spinal proprioception disturbances are 
warranted. A better understanding and quantifi-
cation of spinal proprioception may help prevent 
spinal proprioception disturbances and vicious 
cycles that aggravate pathologies.
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Proprioceptive Rehabilitation 
After Spine Injury and Surgery

Yildiz Erdoganoglu and Sevil Bilgin

8.1  Spine Anatomy, 
Pathomechanics, Injury

8.1.1  Columna Vertebralis

The human spine consists of 7 cervical, 12 tho-
racic, and 5 lumbar vertebra bodies, as well as 
5 fused sacral vertebrae and 5 fused coccygeal 
vertebrae. In each region, the vertebrae have 
unique features that support them in perform-
ing main functions. They are connected to each 
other by fibrocartilaginous structures and liga-
ments called discus intervertebralis. The sizes 
of the vertebrae and discs increase from top to 
bottom. Approximately 71 cm in an adult man, 
the size of the spine is 61 cm in the adult female. 
¼ of this length is produced by discs, and ¾ is 
formed by vertebrae. The spinal cord runs in the 
central canal and commonly ends at the L1–2 
level. Nerve roots come from the neural foram-

ina. The spine has a complex mechanical struc-
ture: the facet joints and discs function as pivotal 
 ligaments while passive muscles, acting as active 
 elements, contribute to formation [1].

Three basic biomechanical functions of the 
spinal column are as follows [2, 3]:

 1. Head, upper part of the body, and external 
load carried as well as their associated bend-
ing moments to the pelvis, stabilization of the 
body

 2. Providing body and head movement
 3. Protection of vertebrae integrity, prevention of 

forces and movements that may result in 
potential damage

Functional spine unit: Functional unit of 
the spine is the one that carries biomechanical 
properties of the entire spinal cord that refers 
to the smallest segment. This structure consists 
of two adjacent vertebrae and soft tissues com-
bining them. The front part of the functional 
unit is mainly capable of carrying loads, shock 
absorbers. The anterior part consists of verte-
bral bodies, intervertebral disc, and longitudinal 
ligaments. Vertebral arches, intervertebral joints, 
transverse and spinous processes, and ligaments 
form the posterior part of the functional unit. 
The back part protects neural structures and 
guides the movement of the units during flexion 
and  extension [4, 5].
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8.1.2  Cervical Spine Anatomy

Cervical vertebrae are located between the skull 
and thorax. The smallest and most mobile verte-
brae in the presacral vertebrae are in this region. 
Seven cervical vertebrae, 5 intervertebral discs, 
14 facet joints, ligaments, and muscles allow 
this region to have a wide range of motion. 
Structurally, the 1 [C1 = atlas] and 2 cervical 
vertebra [C2 = axis] are different from the oth-
ers. The seventh cervical vertebra is a transitional 
vertebra. The cervical spine may be divided into 
upper and lower parts [6].

Upper cervical spine: The upper cervical 
region consists of C1 [atlas] and C2 [axis] jointed 
with occiput condyles. This zone joints are quite 
mobile. Approximately 30% of the cervical flex-
ion/extension movement and more than 50% of 
the axial rotation are in this region. In this region, 
there are synovial joints instead of intervertebral 
discs [7, 8].

Lower cervical spine: Five spines that form 
lower cervical vertebrae are similar to one 
another but they are different from C1 and C2. 
Compared to the upper part, the alignment is 
more stabile and contributes to overall mobility. 
Spinal canal is narrower, and any pathologies in 
this part lead to more damages because there is 
less space remaining for the spinal cord [6].

In cervical spine neuroanatomy, the cord 
is enlarged with lateral extension of the gray 
matter that consists of anterior horn cells. The 
lateral dimension spans 13–14 mm, and anterior- 
posterior extent measures 7 mm. An additional 
1 mm is needed for cerebrospinal fluid both ante-
riorly and posteriorly, in addition to 1 mm for the 
dura. A total of 11 mm is needed for the cervical 
spinal cord. The spinal nerve that exits at each 
vertebral level results from the anterior and pos-
terior nerve root union [9].

The foramina are largest at C2–C3 and their 
size progressively decreases to C6–C7. The spi-
nal nerve and spinal ganglion take up 25–33% of 
the foraminal space. The neural foramen is bor-
dered anteromedially by the uncovertebral joints, 
posterolaterally by facet joints, superiorly by the 
pedicle of the vertebra above, and inferiorly by 
the pedicle of the lower vertebra. The edge of the 

end plates and the intervertebral discs form the 
foramina medially [7].

There are interconnections between the sym-
pathetic nervous system and the spinal nerves. 
The latter exits the cervical spine above their 
correspondingly numbered vertebral body from 
C2 to C7. Since the numbering of cervical spinal 
nerves starts above the C1 level, eight cervical 
spinal nerves exist: the first one exits between the 
occiput and C1while the eighth exits between C7 
and T1 [9, 10].

8.1.3  Cervical Spine Joints

The atlanto-occipital joint occurs between the 
massa lateralis of the atlas and the condyles of 
the occipital bone. It is a synovial type joint. In 
the atlanto-occipital joints, the head tilts back-
wards and forwards. This joint also allows the 
lateral flexion of the head. The primer movement 
is flexion [10].

Atlantoaxial joint consists of two joints of 
atlantoaxialis lateralis and one joint of atlanto-
axialis medialis. These are synovial joints. The 
primer movement is rotation.

Intervertebral joints occur as of below the 
 second cervical vertebra whereby each body of 
vertebra forms symphysis through intervertebral 
discs. These joints come with a design capable 
of carrying body weight and pressure onto 
vertebrae.

Uncovertebral [Luschka’s] joints: Lateral 
aspect of the vertebral bodies has superior pro-
jections known as the uncinate process.

Facet [zygapophyseal] joints are a set of syno-
vial joints between the articular processes of two 
adjacent vertebrae. They have a fine joint lining 
and adsorb onto the articular surface.

8.1.4  Cervical Spine Ligaments

Apex [tip] dens are the origin of apical liga-
ment and the insertion is the occiput. It stretches 
when traction is applied to the head. Transverse 
ligament is a strong band extending between the 
inner surfaces of atlas mass lateralis. When dens 
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move backwards, it prevents it from impacting 
the spinal cord, causing damages. The atlanto- 
occipital joint is mainly stabilized with trans-
verse and apical ligaments. The two ligaments 
constitute the cruciate ligament together. Alar 
ligament commences at lateral aspects of the 
dens axis, and adsorbs onto external aspect of 
the foramen magnum. This particular ligament 
controls rotation of the head and lateral flexion 
on the atlanto- occipital joint. It also forms major 
part of the stabilization system for the upper cer-
vical spine.

Anterior and posterior longitudinal ligaments 
[ALL vs. PLL] are situated on the anterior and 
posterior aspects of the corpus vertebrae, running 
down along all vertebral column. ALL is respon-
sible for stability of the joints in between the 
vertebrae, and helps to prevent vertebral column 
hyperextension. PLL helps to prevent hyperflex-
ion of columna vertebralis, and invertebral disc 
from backward bending. Tectorial membrane is a 
strong band that extends upwards off from PLL, 
and becomes stretched with the head flexion 
movement. Ligamentum flavum extends between 
the reverse aspect of the laminae of lower ver-
tebrae and front aspect of the laminae of upper 
vertebrae. It prevents laminae from being parted 
in case of flexion and assists extension in resum-
ing its anatomic position. Supraspinal liga-
ments extend from the seven cervical vertebra 
to sacrum and interconnect the tips of spinous 
process. These ligaments are superiorly bordered 
by ligamentum nuchae and inferiorly by liga-
mentum interspinale. It counteracts the flexion 
and supports head in resuming anatomic posi-
tion. Also, ligamentum nuchae supports the head. 
Intertransverse ligaments interconnect transverse 
projections of adjacent vertebrae [6, 8, 11].

8.1.5  Cervical Muscles

They are treated in two groups as anterior-lateral 
and suboccipital muscles. Muscles on the ante-
rior side were located in three positions, superfi-
cial, middle, and deep. Superficial neck muscles: 
M. platysma, M. sternocleidomastoideus, and 
M. trapezius. Cervical muscles in the deep plane: 

scalene muscles and prevertebral muscles [M. lon-
gus colli, M. longus capitis]. Suboccipital muscles 
are M. rectus capitis anterior, M. rectus capitis 
lateralis, M. rectus capitis posterior major, M. 
rectus capitis posterior minor, M. obliquus capitis 
superior, and M. obliquus capitis inferior [12].

8.1.6  Cervical Spine Pathologies

Cervical region is a strong structure that houses 
the spinal cord and flexibly allows movement of 
the head and body. The mobility has other func-
tions, namely it protects neural structures [spinal 
cord and roots] thanks to the median canal, as 
well as contralateral vertebral artery. The con-
flicting functions are provided by the strong and 
delicately moving structure of the cervical spine. 
It is as strong as to carry a 3.5–5.5 kg head, and 
the strength is driven by the vertebral corpus 
anteriorly and facet joints [articular column] pos-
teriorly [13]. Its mobility is provided by ligamen-
tous intervertebral discs, a set of synovial joints 
superiorly, and an inferiorly complex system of 
joints that, in turn, are composed of a pair of 
facet joints situated posteriorly on each level [37 
joints in total], and 50 pairs of muscles [14]. The 
complex is in constant movement, and the neck 
moves 600 times per hour, that is, once every 6 s 
[10]. For its complex structure and functional 
versatility, cervical spine is known as an area that 
frequently encounters instability and complaints 
of pain due to age-related degenerative processes 
and trauma.

8.1.6.1  Torticollis
Torticollis defines a condition of ipsilateral head 
tilt, and contralateral face and chin rotation due to 
sternocleidomastoid [SCM] muscular contraction 
mostly in affected direction. It may be congenital 
or may be developed posteriorly. The most com-
mon reason for congenital torticollis is muscular 
torticollis due to unilateral fibrosis of the SCM 
muscle. Normal position of the head is provided 
by signals from otolith apparatus, semicircular 
canals, and neck and retina proprioceptors [15]. 
Otolith apparatus is responsible for static posi-
tion of the head. Stimulus from these sources is 
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transmitted to vestibular cerebral trunk nuclei. 
Upon system integration of the stimulus from 
retina, head position is provided delicately to the 
smallest detail. Primary trapezius that supports 
the head and is responsible for upright position 
is the SCM muscle and paravertebral muscles. 
Factors that result in abnormality there do lead 
to torticollis by triggering problems at spinal col-
umn [15]. If not treated, torticollis may result in 
plagiocephaly, hemifacial hypoplasia, and com-
pensatory scoliosis at later ages.

8.1.6.2  Cervical Spondylosis
Cervical spondylosis relates to a nonspecific spi-
nal degenerative process and it is likely to result 
in varying degrees of stenosis at both central spi-
nal canal and root canals. Hypertrophy of lamina, 
articular facets, ligamentum flavum, osteophyte, 
degenerative disc, and posterior longitudinal liga-
ment are among the factors that contribute to nar-
rowing. Among other pathological processes are 
the cervical lordosis and vertebral body sublux-
ation. A congenitally narrow canal paves the way 
for early development of symptoms. A limited 
number of changes may be observed in the first 
20 years of life but degeneration becomes more 
evident as of the third decade [16]. Degeneration 
often starts on disc level and it is most commonly 
seen at C5/C6 and C6/C7. Majority of cases over 
50 tend to show radiological evidence of degen-
erative disease while neurological symptoms or 
signs are limited to minority only [17].

8.1.6.3  Cervical Sprain [Whiplash]
Whiplash is an injury from breakaway thrust and 
slowdown thrust due to hits and cracks in accidents 
involving vehicles. It is a traumatic injury to soft-
tissue structures in the cervical spine region caused 
by hyperflexion, hyperextension, or rotation injury 
without fractures, dislocations, or intervertebral 
disc herniations. Symptoms may be seen imme-
diately or delayed. Headaches, cognitive prob-
lems, and back pain are the associated complaints 
of uncertain pathophysiology. Patients with neck 
pain and stiffness are advised to undergo cervi-
cal spine flexion and extension views. No further 
investigations are indicated if a satisfactory range 
of movement is achieved [18].

8.1.7  Thoracic Spine

The thoracic spine consists of 12 cervical verte-
brae between the cervical spine and the lumbar 
spine. All thoracic vertebrae join with ribs. Ribs, 
sternum, and thoracic spine together form the 
rib cage. The rib cage contains the heart, main 
vessels, and lungs, supporting the shoulder belt. 
According to the lumbar spine, it is less affected 
by mechanical stresses and can make more 
 rotation [1].

The thoracic vertebral body’s transverse 
and anterior-posterior lengths are equal to one 
another. Superior costal joint is situated at pos-
terolateral aspect of the vertebral body supe-
rior while inferior costal joint is situated at the 
lower posterolateral aspect thereof. At the sides 
of the first thoracic neurocentrum, a full facet 
and semi- facet exist for the first and second cos-
tal cartilage, respectively. Pedicles are followed 
by superior costal joint ligaments and laminae. 
There are superior joint aspects on the upper part 
of where laminae and pedicles join, and inferior 
joint aspects on the lower part of the same area. 
The superior joint aspects are in dorsal and lat-
eral direction; inferior joint aspects are ventral, 
inferiorly and medially. Likewise transverse pro-
jections are extended laterally to the joint points 
of pedicles and laminae. The rib tuberculum and 
articulating transverse costal joint exist on trans-
verse projection [19, 20]. Facet joint of the tho-
racic vertebrae has a 60-degree angle on sagittal 
plane and 20-degree angle on frontal plane. The 
structure limits flexion and extraction, and allows 
lateral rotation [21].

8.1.8  Thoracic Spine Joints

Thoracic spine joints can be divided into two 
groups: One group is represented by those pres-
ent throughout the vertebral column, and the 
other are the ones unique to the thoracic spine 
[22, 23].

There are two types of joints with the first 
group:

Between vertebral bodies—adjacent vertebral 
bodies are joined by intervertebral discs, made 
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of fibrocartilage. This is a type of cartilaginous 
joint, known as a symphysis.

Between vertebral arches—formed by the 
articulation of superior and inferior articular pro-
cesses from adjacent vertebrae. It is a synovial 
type joint.

8.1.9  Thoracic Spine Ligaments

Ligaments are specific to thoracic spine. Also, a 
number of small ligaments come to support the 
costovertebral joints [24, 25]:

Radiate ligament of head of rib fans outwards 
from the head of the rib to the bodies of the two 
vertebrae and intervertebral disc. Costotransverse 
ligament connects the neck of the rib and the 
transverse process. Lateral costotransverse liga-
ment extends from the transverse process to the 
tubercle of the rib. Superior costotransverse liga-
ment passes from the upper border of the neck of 
the rib to the transverse process of the vertebra 
superior to it.

8.1.10  Major Muscles of the Thoracic 
Spine

The major muscles on thoracic region are shown 
in Table 8.1.

8.1.11  Thoracic Spine Pathologies

8.1.11.1  Hyperkyphosis
Upright position involves a natural kypho-
sis angle of approximately 40–45° but angular 
increase results in hyperkyphosis. Trauma, spinal 
instability, developmental and growth anomaly 
in vertebrae, severe degenerative disc disease, 

marked osteoporosis, and osteoporosis-based 
fractures may be cited as reasons for hyperky-
phosis [26]. One common reason for progres-
sive thoracic kyphosis is Scheuermann’s disease 
and osteoporosis, while Scheuermann’s disease 
and juvenile disorder are the reasons for ado-
lescence thoracic hyperkyphosis. The reason 
is not precisely known though. Primarily it is 
considered that the reason is abnormal speed of 
development of different parts of the vertebra 
that in turn results in extreme anterior curvature 
at thoracic area and upper lumbar vertebral bod-
ies. Age- related hyperkyphosis is an exagger-
ated anterior curvature in the thoracic spine that 
occurs commonly with advanced age. It is shown 
by epidemiologic studies that elderly population 
is commonly affected by age-related hyperky-
phosis with estimated range of 20–40% [27]. 
Osteoporosis-based thoracic hyperkyphosis pro-
gression often results in compression fracture in 
elderly women [28].

8.1.11.2  Scoliosis
Scoliosis is a medical condition of three- 
dimension deformity on the vertebral column 
due to lateral deviation on frontal plane, torsion n 
horizontal plane, and irregularity on sagittal plane 
[hyperlordosis, hypolordosis, hyperkyphosis, and 
hypo/hyperkyphosis] [29]. A normal spine shows 
physiological deviations when looked at from the 
side [cervical lordosis, thoracic kyphosis, and 
lumbar lordosis] even though it shows none fron-
tally-posteriorly. In case of direct graph of upright 
posture, any lateral curvature for and above 10° 
is defined as scoliosis. The Cobb method is 
accepted as the method of standard measurement 
for measuring the degree of curvature [30, 31]. 
Scoliosis is recognized to be idiopathic by 80% 
but the reason for deformity is not known [32]. 
Quite a number of  factors are considered to be 

Table 8.1 Major muscles of the thoracic spine

Superficial layer Intermediate layer Deep layer

  • Trapezius
  • Latissimus dorsi
  • Rhomboids
  • Serratus posterior superior
  • Serratus posterior inferior

  • Thoracic erector spinae   • Transversospinalis muscles
    Semispinalis
    Multifidus
    Rotatores
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responsible in etiology. Genetics, central ner-
vous system, melatonin, postural balance factors 
and postural nine mechanism, vestibular mecha-
nisms, metabolic and chemical factors, plate-
let anomalies, and ligament anomalies are held 
responsible [33, 34].

Scoliosis causes deformation in the body and 
is likely to end up with cardiopulmonary com-
plications at later decades. Recurring pulmonary 
infections, hypoxic conditions, increased pulmo-
nary resistance, and right ventricle failure due to 
pulmonary hypertension are named among the 
important diseases it is responsible for. Apart 
from the foregoing, it leads to certain psychologi-
cal disorders and cosmetic concerns [35, 36].

8.1.12  Lumbar Spine

The lumbar vertebral column from five active 
vertebrae forms 25% of the entire spine length. 
Functionally, the lumbar vertebrae rest on the 
sacrum and are treated as a lumbosacral spine 
with the sacrum as it is in close contact with the 
sacrum [37].

8.1.13  Lumbar Spine Joints

The lumbar spine delicately houses two types 
of joint [38]. Not both of these articulations are 
unique to the lumbar vertebrae; they are present 
throughout the vertebral column.

Between vertebral bodies, adjacent vertebral 
bodies are joined by intervertebral discs that are 
made of fibrocartilage. This is a type of cartilagi-
nous joint, and it is known as a symphysis.

Between vertebral arches, formed by the 
articulation of superior and inferior articular pro-
cesses from adjacent vertebrae. It is a synovial 
type joint.

Facet joints of the lumbar area have a 45° 
angle on the frontal plane while the angle on the 
axial plane is 90°. This allows flexion and exten-
sion movements and limits rotation [39].

8.1.14  Lumbar Spine Ligaments

The ligaments play an important role in the sta-
bilization of the spinal column by showing resis-
tance to stretching (Table 8.2). The posterior 
ligaments counteract the flexion, while the ante-
rior ligaments counteract the extension [40].

8.1.15  Lumbar Spine Muscles

Muscles are the active stabilizing elements of 
the spinal column (Table 8.3) [41]. The lumbar 
dorsal muscles provide the extensor. Taking the 
support from the sacrum, they perform tasks in 
the lumbar and thoracic region. They contrib-
ute to muscle tones and lordosis [42]. The rec-
tus abdominis and psoas muscles in front of the 
abdominal wall work as antagonists of the poste-
rior respiratory spines. Side abdominal muscles 
rotate to the spine.

Muscle groups that are also named as core 
muscles and actively play a role in sensory-motor 
control of the spine can be grouped as follows by 
their property [43–45].

8.1.16  Intervertebral Disc

Intervertebral discs are flexible hydrodynamic 
structures between two adjacent vertebral bod-
ies. The lower and upper faces of the discs are  

Table 8.2 Lumbar spine ligaments

Lumbar spine ligaments

  • Anterior longitudinal ligament

  • Posterior longitudinal ligament

  • Ligamentum flavum

  • Supraspinous ligament

  • Interspinous ligament

  • Intertransverse ligaments

  • Fibrous capsules of the facet joints

  • Annulus fibrosus of the disc joints

  • Nuchal ligament
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associated with the vertebra corpus. Thickness 
varies according to where they are and the same 
places of the disc. The anterior part of the cer-
vical and lumbar discs is thicker than posterior. 
Thus, they contribute to cervical and lumbar lor-
dosis formation [46, 47]. The peripheral parts are 
fed from adjacent vessels, and there is no blood 
vessel in the central part. Feeding of this part is 
by way of diffusing from spongiose bone tissue. 
Therefore, peripheral part containing the vascu-
lar structure and the veinless central part reacts to 
injury differently.

The disc columna vertebralis allows the 
absorption and distribution of loads carried onto. 
Discs do not contain joint space, synovial mem-
brane, veins, or nerves. As they are fed by diffu-
sion, diseases are different from those of other 
synovial joints. In the center there is a nucleus 
of gel consistency called nucleus pulposus, and 
a capsule consisting of collagen fibers called 
annulus fibrosus around it. The hydrostatic pres-
sure generated by the loads is radially distributed 
evenly across the annulus by the nucleus pulpo-
sus. The surfaces of the vertebrae between the 
nucleus pulposus are covered with a microporous 
cartilage. This cartilage is permeable to liquid 
for its porous structure. When standing, the axial 
load allows water in from the gelatinous matrix 
of the nucleus to the cartilage [48, 49]. Due to 
ongoing loading during the day, the nucleus 
shrinks significantly at the end of the day.

Having studied intervertebral disc innerva-
tions, researchers suggest that mechanoreceptors 
in the outer annulus, as well as the posterior and 
anterior longitudinal ligaments, have propriocep-
tive functions that provide sensation of move-
ment and posture [50, 51].

8.1.17  Lumbar Spine Pathologies

8.1.17.1  Spondylosis
Spondylosis is a broad term meaning degenera-
tion of the pars interarticularis of vertebra [52]. 
Spondylosis may be as prevalent as with 60% of 
the public and transforms to spondylolisthesis 
by 75% in case of bilateral phenomena. Lumbar 
stenosis is most commonly seen at the L4/5 
level; L3/4 is, however, the next most frequently 
involved level. Lumbar stenosis is usually seen 
in patients that are known to have a developmen-
tally shallow spinal canal related to small neural 
arches and short pedicles. If stenosis is severed by 
acquired degenerative changes including without 
limitation facet joint/ligamentous hypertrophy, 
disc protrusion, instability, or spondylolisthesis, 
patients may present it later in life [53].

Even though recurrent hyperextension trau-
mas on an immature spine are considered as the 
most common reason for spondylosis, micro 
traumas due to congenital weakness or pars inter-
articularis displacement as well as multifactorial 

Table 8.3 Lumbar spine muscles

Local paravertebral muscles
Global polysegmental 
paravertebral muscles

Affective muscles on intra- 
abdominal pressure

  • Intertransversarii
  • Interspinous
  • Multifidus
  • Longissimus thoracis pars lumborum
  • Iliocostalis lumborum pars lumborum
  • Quadratus lumborum, medial fibers
  • Transversus abdominis
  •  Obliquus internus abdominis [fiber 

insertion into thoracolumbar fascia]

  •  Longissimus thoracis 
pars thoracis

  •  Iliocostalis lumborum 
pars thoracis

  •  Quadratus lumborum 
lateral fibers

  • Rectus abdominis
  •  Obliquus externus 

abdominis
  •  Obliquus internus 

abdominis

  • Abdominal muscles
  • Pelvic floor
  • Diaphragma

8 Proprioceptive Rehabilitation After Spine Injury and Surgery



80

reasons are the defined mechanisms for spondy-
losis [53, 54].

Spondylosis is often seen in adolescence, 
and the course of disease may come symptom 
free [52]. Patients suffer from increased pain in 
hyperextension position and the pain diminishes 
in rest position. It may be seen in cases that neu-
rologic symptoms are often accompanied by 
spondylolisthesis.

8.1.17.2  Spondylolisthesis
Spondylolisthesis is defined as the anterior dis-
placement or one vertebra over another [55]. 
Most cases are considered to result from minor 
overuse trauma, particularly repetitive hyperex-
tension of the lumbar spine. Spondylolysis, which 
is defined as a break in the vertebra typically in 
the region of the pars interarticularis, may or may 
not be associated with a spondylolisthesis. If the 
pars defect is bilateral, it may allow slippage of 
the vertebra, typically L5 on S1, and this leads to 
spondylolisthesis [56, 57].

The most commonly adopted method of grad-
ing is the Meyerding classification, which divides 
lower vertebra surface into four segments of 25% 
each and enables slippage grading accordingly.

8.1.17.3  Spinal Stenosis
Spinal stenosis is an abnormal narrowing of 
the spinal canal [58]. This narrowing limits the 
amount of space available for the spinal cord and 
for the nerves. Spinal stenosis can occur any-
where in the spinal canal but is most commonly 
encountered in the cervical and lumbar spine. 
Lumbar spinal stenosis is often accompanied 
by lower extremity pain and weakness. Stenosis 
may be located centrally, laterally, or in combi-
nation. When narrowing is present in the spinal 
canal in case of central spinal stenosis, it comes 
along with lateral recess in lateral spinal steno-
sis or with narrowing in intervertebral foramina. 
Lateral recess is limited with lateral pedicle, 
superior facet joint projection on the posterior, 
posterolateral face on the vertebral body, and 
intervertebral disc on the anterior. Lateral spinal 
stenosis often develops due to superior facet joint 
projection, revealing a root pressure [58, 59].

Degenerative arthritis and age-related bony 
and soft-tissue changes are the most common 
reasons for developing spinal stenosis. Patients 
over 50 are the common ground of spinal stenosis 
and the condition tends to become progressively 
severe with age. Anticipated consequences of 
ageing may cause spinal arthritis and this, in turn, 
results in spinal stenosis. The reason for this can 
be bone spurs [a.k.a. osteophyte], bulging, inter-
vertebral disc deformity with age, and ligaments 
thickening between the vertebrae [60].

The symptoms of spinal stenosis depend on 
the location of the stenosis in the spinal canal, as 
well as the severity of the condition. Pain, cramp, 
weakness, and loss of sensations are among the 
complaints arising out of spinal cord and/or nerve 
root compression. The symptoms usually com-
mence at a slower pace and deteriorate over time.

8.2  What Is Proprioception 
in the Spine?

Proprioception is a complex task of interaction 
between afferent and efferent inputs for control-
ling body motions and relative position of the 
limbs [61]. It covers two aspects of the sense of 
location both statically and dynamically. It is a 
component of the somatic sense of mechanore-
ceptors that enable stability of the body between 
static and dynamic loads, and also enable it to 
preserve orientation [61]. Proprioception is com-
posed of three primary parameters: position and 
sense of motion of the joints; force related to mus-
cular contraction, sense of effort, and weight; and 
perceived timing of muscular contraction [62].

Proprioception is the fundamental component 
of sensorimotor system, and is responsible for 
providing afferent information for central ner-
vous system.

8.2.1  Structures Responsible 
for Proprioception

• Muscle spindles • Golgi tendon organs • joint 
receptors • informing the cerebellum of position 
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sense, force, effort. • a role in the neural control 
of movement.

Mechanoreceptor afferents are isolated in the 
paraspinal muscles; interspinous, supraspinous, 
flaval, and anterior longitudinal ligaments; tho-
racolumbar fascia; capsule; lumbar interverte-
bral discs; and cervical, thoracic, and lumbar 
facet joints in the spine. Mechanoreceptors have 
information about reflex regulation of muscle 
tone as well as about awareness of position sense 
and movement sense [63]. Recent studies dem-
onstrate that muscle afferents are the primary 
mechanoreceptors for position and movement 
sense and joint afferent receptors are most active 
at the limits of joint movement. Joint move-
ments cause tissues to get deformed and this, 
in turn, leads to excitation of mechanoreceptor 
neurons that innervate the area and to initiation 
of action potentials. These action potentials are 
afterwards directed to the spinal cord for muscle 
tone reflex regulation or to higher centers of the 
central nervous system for signal processing, 
and eventually for a suitable reaction. In the cen-
tral nervous system, proprioceptive signals are 
construed against the background input received 
from other sources including visual, audio, and 
vestibular systems [62]. Central nervous sys-
tem also generates command signals for timing, 
grading, and destination of the motor output in 
addition to these afferent data.

Cervical spine plays an important part in 
providing proprioceptive impulse. Cervical pro-
prioceptive system houses sensitive fibers that 
connect and bridge over cervical intervertebral 
joint mechanoreceptors, trapezius and ligament 
mechanoreceptors, muscle spindle located at 
deep-seated muscles of cervical spine, cornu 
posterior neurons of the spinal cord, and neck 
proprioceptors. For reason of central and reflec-
tive link intensity of mechanoreceptors, cervical 
spine plays an important part also in generating 
proprioceptive input. In neck pathologies, senso-
rimotor disorders based on proprioceptor recep-
tor dysfunction are common. In neck disorders, 
cervical receptor dysfunction affects sensorimo-
tor control union combination, timing, and con-
version, leading to afferent input changes [13].

Cervical mechanoreceptor functions get 
deformed depending on direct trauma, func-
tional disability of muscles [increased fatigue], 
or degenerative muscular transformation [fiber 
transformation, fat infiltration, muscular atro-
phy]. In addition, muscle spindle sensitivity at 
many levels of the nervous system, cortical pre-
sentation, and cervical afferent “input” modula-
tion may change due to pain effect. In nonspecific 
cervical pathologies, proprioception sense may 
be affected or kinesthetic sensitivity may be 
changed depending on muscular and articular 
receptor lesion or functional disability. Also psy-
chosocial factors cause change in muscle spindle 
activity, activating sympathetic nervous system 
[64, 65].

Cervical spine injuries may cause damages in 
sensory receptors that surround and innerve cer-
vical structures. These sensors are muscle spindle 
located at intervertebral and dorsal muscles that 
provide central nervous system [CNS] with infor-
mation about any changes in muscular length. 
Evidence is present that gamma motor neurons 
are inhibited due to pain after injuries that result 
in incorrect proprioceptive sensation not from 
muscular movements to MSS. This is crucial for 
everyday activities because moving an object 
involves significant motion of head and neck.

Structures in the lumbar spine, more specifi-
cally fibers [i.e., supraspinous, interspinous, and 
ligamentum flavum], intervertebral discs, facet 
joints, and interspinous muscles have mechano-
receptor afferents that are capable of propriocep-
tion [66, 67].

A number of studies have analyzed the role 
of proprioception in chronic low back pain, and 
proprioception has been found to have decreased 
with the spine of patients that suffer from chronic 
low back pain both when standing and in crawling 
position [68]. It is hypothesized that overloads on 
the spine or on body muscle may result in muscle 
spindle damages or disability. Muscle- tendon 
vibration and microneurography studies reveal 
the important role of muscle spindles in proprio-
ception [69]. Introducing a vibratory stimulus 
like the one from a tuning fork is considered to 
cause perceived lengthening of a trunk muscle 
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[if over 40 Hz], as well as a perceived shortening 
of trunk muscle [if under 40 Hz] [69]. This leads 
to an increased righting error, such that when a 
patient tries to return to neutral position, they can 
overshoot or undershoot their target. Spinal joints 
between adjacent vertebrae are rich in mecha-
noreceptor nerve fibers that supply information 
to the brain. This reflex pathway is necessary 
for vestibular and ocular righting reflex actions, 
normal spinal coupling motions, balance, and 
proprioception [70]. When a joint is compressed, 
inflammation results; hence, decreased mobility 
of nutrients gets into the joint. Joints are not lubri-
cated or nourished as efficiently, and joint pathol-
ogy results which destroys the reflex arc to the 
brain. As the arc is destroyed, the patient gradu-
ally loses its expected coupling motion, righting 
reflex actions, and ability to maintain balance 
and upright posture under gravity [70]. This may 
possibly explain the finding of increased postural 
sway. The joint capsules are also richly endowed 
with sensory nerve endings [nociceptors], which 
are sensitized and eventually synapse in the thala-
mus: Here, they spill over to the segment’s motor 
neurons that cause reflexive muscle spasm of that 
segment, consequently causing pain. It can there-
fore be concluded that decreased muscle spindle 
input may impair spinal proprioception and seg-
mental stability [71].

When a joint is injured, mechanoreceptor 
function adversely affects the coordinated muscle 
contraction and results in changes in the percep-
tion of body-space relation [70], which, in turn, 
results in chronic low-back problems.

Studies show that muscle spindle input of the 
multifidus is significant for accurate position-
ing of the pelvis and lumbosacral spine in a sit-
ting posture [72]. Accordingly it is hypothesized 
that proprioceptive deficits from an inhibited 
multifidus may cause muscle dysfunction and 
altered spinal stability [72]. Also, clinical trials 
show that focused retraining of the deep muscle 
co- contraction is likely to reverse multifidus 
inhibition.

8.3  Clinical Interventions 
to Improve Proprioception 
After Surgery

At all levels of the CNS, proprioception is 
processed and integrated with other somato-
sensory and visual and vestibular information 
before culminating in a final motor command, 
which coordinates skeletal muscles’ activation 
patterns [73]. Proprioception is the process of 
formation of reactions whereby body parts are 
safest, and the proprioceptive process is admin-
istered by deep senses. Deep senses are position 
senses, muscular and tendon sensorial vibration, 
as well as pressure, balance, and other senses 
that provide information about overall body 
and extremities. These senses are perceived by 
special sensors inside tissues which are named 
mechanoreceptor, from where they are transmit-
ted to the central nervous system. Central ner-
vous system organizes and analyzes the senses, 
forming a response for keeping joints in the saf-
est possible position as it may be. Thus created, 
the responses are transmitted to the target joint 
and to the target area through the neural network. 
This is how necessary precautions are taken to 
ensure the safest possible maneuver for the joint 
or for extremities [74].

By specifically contributing to proprioception, 
mechanoreceptors are termed proprioceptors and 
these are present in muscle, tendon, joint, and 
fascia receptors in the skin and these, too, may 
contribute to proprioception [75, 76].

As it will be seen here, the proprioceptive 
process is of great significance for protecting 
joints, organs, extremities, and organelles in the 
body against injuries. For this reason, a number 
of internal and external factors that are likely 
to affect the proprioceptive process positively 
or negatively—as the case may be—and may 
intervene in the process are and have been stud-
ied by various researchers. Though with func-
tional issues, proprioception and compensatory 
mechanisms have become known quite recently. 
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Consequently, their importance for postoperative 
stability has become prominent [77].

It has been stated that proprioception makes 
significant contributions in keeping postural 
 control in postspinal surgeries, or structures 
that contribute to proprioception during a disc 
replacement surgery are vulnerable [78]. Having 
conducted studies on the innervation of the inter-
vertebral disc, researchers suggest that mecha-
noreceptors in outer annulus and also posterior 
and anterior longitudinal ligaments function as 
proprioceptors, and they provide sensation of 
movement and posture. A disc replacement sur-
gery takes from a substantial portion of annulus 
and also from the anterior and posterior longitu-
dinal ligaments to a certain extent; therefore it is 
likely that the proprioceptive input at the segment 
is actually affected [50, 51]. For this reason, prac-
tices to support proprioception should be added 
as early as possible when planning a treatment 
program for postoperative pain, muscular spasm, 
restricted joint mobility, muscular weakness, lack 
of balance, and similar symptoms. Using passive 
techniques such as manual therapy, soft tissue 
techniques and taping or braces for augmenting 
the somatosensory information may be worth-
while because these techniques trigger mechano-
receptors in joints, soft tissues, and skin so as to 
transmit sensory information to CNS. If manual 
therapy is to be preferred, then involve plastic 
changes in sensory integration within CNS [79]. 
Exercise therapy also plays a significant role in 
enhancing proprioception.

8.3.1  Exercise

Exercise can be considered as “proprioceptive 
training” since it creates an afferent input from 
the joint and muscle-tendon mechanoreceptors to 
the central nervous system. Any type of exercise 
will activate the proprioceptors; however what 
is important is that these exercises generate cer-
tain changes, particularly in the nervous system, 

through different ways. For example, through 
motor control exercises it is aimed to generate 
changes in the motor cortex and prevent repeated 
injury and obtain a healthy spine structure [73, 
80]. It is stated that motor control training aimed 
at lumbar region stimulates synaptogenesis, syn-
aptic potential, and reorganization of movement 
representation in the motor cortex [81, 82].

8.3.2  Motor Control Exercises

8.3.2.1  Lumbopelvic Motor Control 
Exercise

Lumbopelvic motor control is based on a special 
connection between the musculoskeletal system 
and the central nervous system circuits [83]. The 
local muscles including multifidus, pelvic floor, 
transversus abdominis, and diaphragm muscles 
under the central nervous system’s control play 
an important role in establishing healthy motor 
control [84]. The healthy relationship between 
synergic co-contraction of local muscles and cen-
tral nervous system is necessary for establishing 
lumbopelvic stability. The stability in the lumbo-
pelvic region is obtained through the activation 
of the local muscles before any perturbation that 
occurs in the body. Changes observed in the local 
muscles due to the disruption of the motor control 
in this region [pain, acute inflammation of spinal 
ligaments [85], or lessened stiffness of soft tis-
sues] due to elongated or repetitive forward- bent 
posture [86, 87], and surgical applications [88, 
89] that result in delayed activation, disrupt the 
stability in the region and set the stage for inju-
ries and threaten healthy waist and spine structure 
[90]. This unfavorable process adversely affects 
the lumbar region’s proprioception [91, 92].

For this reason, exercise programs aimed at 
strengthening the specifically selected muscles 
should be started as soon as possible post- surgery, 
in order to reduce structural and functional 
disorders, lessen pain, and as well as increase 
proprioception.
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Special exercises related with segmental sta-
bilization were created based on a number of 
aspects. These are

• Improving the motor control aspect of muscle 
function

• Establishing neutral spine posture
• Co-contraction of body muscles (including 

multifidus and TA)
• Tonic contractions that continue at a reduced 

level
• Full co-contraction of TA and multifidus, 

independently from global muscles
• Benefiting from methods that reduce global 

muscle activation allowing for deep-muscle 
co-contraction

• Benefiting from new facilitation strategies in 
order to provide deep-muscle co-contraction

• Selection of personalized treatment strategies

Co-contraction exercises are defined like spe-
cial motor skills. While those without any waist 
problem stories perform such exercises with a 
good figure, people with waist problems encoun-
ter great difficulty in performing this skill. For 
this reason this motor skill is better rehabilitated 
through motor learning method instead of motor 
skill strength and endurance-increasing exercises.

8.3.3  Special Exercise Concept

Special exercise concept is based on succeed-
ing in co-contraction of key local muscles (TA, 
MU, diaphragm, pelvic floor muscles). The 
aim is for these muscles to directly rest against 
the lumbar vertebra, and to influence the local 
spinal segmental support by increasing the 
intra-abdominal pressure and the tension in 
TLF. Explaining the cylinder-like effect of 
these muscles to the patient, the understanding 
of the use of these muscles plays a very impor-
tant role in the facilitation strategies of these 
muscles. Actually, each of the four muscles is 
used to facilitate the other. For example if the 
patient is unable to activate TA, the activation 
is attempted through the facilitation of lumbar 
MU or pelvic floor muscles [93].

Activation of TA through “abdominal 
hallowing” (pulling the abdomen up and in) 
movement: TA is activated through the “abdomi-
nal hallowing” movement, without causing 
the global muscles to contract, by pulling “the 
abdominal wall in and up during normal breath-
ing in and out pattern, without moving the spine 
and pelvis” [94, 95]. This motor skill is unfamil-
iar to the patient. For this reason a good learning 
is an important part of the treatment. The move-
ment of the TA is the pulling in of the abdomi-
nal wall and the narrowing of the waist. For this 
reason the principle behind teaching contraction 
is finding a way that teaches how to pull in the 
abdominal wall. The most successful method is 
to ask the patient to focus on the lower abdomi-
nal segment. In the recent studies it is stated that 
the lower segment of TA is the most fundamental 
part for spinal stabilization.

Breathing in-out pattern (diaphragm): In 
expiration, TA is used to activate this muscle. 
During expiration, the isolated operation of 
TA is achieved through hyperoxic-hypercapnic 
conditions and an inspiratory load that leads to 
increase in expiratory air outlet. In both cases, TA 
activation increases involuntarily and selectively. 
In order to teach this to the patient in an effective 
figure, the patient is asked to breathe in the exter-
nal air and to move the abdomen upwards during 
expiration [96]. Patients who frequently utilize 
obliquus externus will cause frequent displace-
ment with expiration. First of all, the patient’s 
attention must be brought to loose diaphrag-
matic respiration. When we observe comfortable 
breathing of the patient, the TA contraction must 
be started.

Pelvic floor: Using pelvic floor muscles’ con-
traction is the most effective method of achieving 
isolated contraction of TA. What’s fundamental 
to TA’s contribution to the stabilization in the 
spine is the contraction of the diaphragm and the 
pelvic floor muscles. Utilization of pelvic floor 
contraction is beneficial for patients who need to 
facilitate TA contraction and are having difficulty 
in understanding the movement. Furthermore, 
it is a primary technique for those people who 
cannot relax the obliquus externus muscle in the 
“abdominal hallowing” movement. Description 
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of the muscle anatomy between the sacrum and 
the front of the pelvis will help the patient in 
visualizing this muscle’s contraction. Lying on 
one’s back with bent knees or side-lying posi-
tion is the best position to teach the pelvic 
floor contraction in the beginning. Clinician or 
the patient slowly and deeply palps the lower 
abdomen and the patient is asked to breathe 
comfortably, slowly let his/her breath out, and 
slowly and gently pull the pelvic floor muscles. 
Co-activation of pelvic floor and TA results in 
feeling a deep tension inside the abdominal wall 
[97]. Pelvic floor muscles’ contraction is also 
used for teaching and facilitating the isometric 
contraction of segmental MU. It is particularly 
helpful if the patient feels a weak awareness in 
the MU muscle [98].

8.3.4  Including Motor Skills in Light 
Functional Activities

At this phase, the aim is to attempt the continu-
ation of deep muscle co-contraction with light 
loading. At this level, deep muscle co-contrac-
tion is maintained in the presence of global 
muscle system activity, while the normal breath-
ing in- out pattern continues. At this phase, two 
functional conditions are practiced. These are 
the following:

 1. Using deep muscles in order to maintain lum-
bopelvic support function in harmony with the 
global muscle system while breathing in and 
out normally under light load in static condi-
tions, for example slow and controlled move-
ments of lower and upper extremities

 2. Using deep muscles in order to maintain lum-
bopelvic support function during body move-
ments around neutral position while the 
global muscle system is phasic active: This is 
a difficult level where the deep system mus-
cles’ control is practiced. Therefore, it must 
be performed with care and control. At this 
phase the deep and global muscle systems 
will work in both interdependent and inde-
pendent roles.

8.3.5  Combining Heavy Functional 
Work with Motor Skill

At this phase of the program, the aim is to sus-
tain the contraction of local muscles which are 
sufficient for controlling the lumbar spine posi-
tion, under increasing load. The load level var-
ies from between patients and the patient’s needs 
and requirements in work and private life should 
be monitored. This program includes a functional 
exercise program related with the persons’ daily 
life, job, and sports activities.

8.3.6  Early-Period Lumbopelvic 
Motor Control Exercises 
Spinal Surgery (Day 2 to 
Week 6 Post-operation)

In this phase, the aim is to teach the patient the 
“abdominal hallowing” basic movement that 
allows for the activation of deep muscles. Once 
the patient correctly learns the movement the 
endurance training of these muscles is started. 
While initially the “abdominal hallowing” basic 
movement is maintained for 5–10 s, the aim is 
to reach 30–45 s of protection period. This pro-
cess varies for each person; however it can be 
achieved in 2–3 weeks. In the second stage of 
this phase, the aim is to continue conscious acti-
vation of the deep muscles during the perform-
ing of the exercises. The attention should always 
be on control, and progress should not be too 
rapid. Since pain and fatigue will have negative 
impact on proprioception, the training should be 
conducted without creating pain or fatigue [99] 
(Figs. 8.1, 8.2, 8.3, 8.4, 8.5, 8.6, 8.7, 8.8, 8.9, 
8.10, 8.11, and 8.12).

8.3.7  Late-Period Postspinal 
Surgery (6–12 weeks)

During this period, while the contraction of deep 
muscles continues, the loading of the exercises 
also increases. The patient switches from station-
ary ground to moving ground and from simple 
extremity movements to complex movements 

8 Proprioceptive Rehabilitation After Spine Injury and Surgery



86

Fig. 8.2 Basic TrA&MF activation

Fig. 8.3 TrA&MF with arms reaching over head

Fig. 8.4 TrA&MF-heel slide

Fig. 8.5 TrA&MF-side lying-bent knee fallout

Fig. 8.1 Diaphragmatic breathing
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Fig. 8.6 TrA&MF-heel slide and same side or opposite 
arm overhead

Fig. 8.7 TrA&MF-single knee lift

Fig. 8.8 TrA&MF-hip abduction

Fig. 8.9 TrA&MF-sitting-eyes closed, arm movement

to help develop position awareness and balance 
(Figs. 8.13, 8.14, 8.15, 8.16, 8.17, 8.18, 8.19, 
8.20, and 8.21).

8.3.8  Cervical Stabilization Exercise

Cervical stabilization exercises are developed to 
increase motor control of cervical spine. The spe-
cial muscles which are the focus in this program 
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Fig. 8.11 TrA&MF-quadruped—three points of stable 
contact

Fig. 8.12 TrA&MF sitting-two point of stable contact

Fig. 8.13 TrA&MF-quadruped-two points of stable 
contact

Fig. 8.10 TrA&MF-sitting-eyes open, single knee lift
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are very important in supporting cervical lordosis 
and cervical joints [100].

Cervical stabilization exercise program 
addresses motor learning and training program 
comprising three phases [101].

Phase 1: The focus is on low-intensity exer-
cises in order to activate deep cervical and 
axioscapular muscles and train the basic move-
ment patterns of cervical and axioscapular 
region.

Phase 2: In the task-oriented exercises, neck and 
shoulder belt muscle coordination and movement 
pattern training and muscle reeducation involving 
deep postural muscles’ co-activation are continued. 
In this phase, loading in exercises is started.

Phase 3: Muscles’ strength and endurance are 
addressed and the training aims for the level that 

Fig. 8.14 TrA&MF-back bridge

Fig. 8.15 TrA&MF-prone position-leg lift

Fig. 8.16 TrA&MF-front bridge-single leg extension

Fig. 8.17 Ball sitting, eyes open and closed arm 
movement
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the patient will return to his/her job, recreational, 
or sports activities.

8.3.9  Early-Period Post-cervical 
Surgery

The first phase of the cervical stabilization train-
ing includes craniocervical flexion training 
where muscle activation of deep cervical flexors 
is increased and low-load endurance exercises 
for these muscles. It must be begun at the earliest 
period post-cervical region surgery.

8.3.9.1  Craniocervical Flexion [CCF] 
Training

During the treatment, “pressurized biofeedback 
apparatus” is used in order to raise the patients’ 

Fig. 8.18 Ball sitting-eyes open, two point of stable 
contact

Fig. 8.19 TrA&MF-back bridge-two points of stable 
contact

Fig. 8.20 TrA&MF-prone position-contralateral arm 
and leg lift

Fig. 8.21 TrA&MF-bilateral knee lift
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awareness and to focus on the desired muscle 
[102–104]. The patient is positioned in the hook 
position. Pressurized biofeedback apparatus is 
placed horizontally between craniocervical and 
cervical vertebra, in mid-position or in such a way 
to allow forehead-chin projection. It is inflated to 
standard 20 mmHg in order to establish contact 
between the surface and the neck. The patient is 
asked to gently stare at the midline of the chest 
(Fig. 8.22) [105, 106].

Since increase in superficial muscle activation 
is not desired the patient must be reminded that 
this movement is not a movement that requires 
force. Again, to reduce the activation of superfi-
cial muscles the tongue-palate muscles must be 
relaxed. For this, the patient is asked to remove 
his/her tongue from the palate and to slightly 
open the teeth [107, 108].

It is important that the craniocervical flexion 
movement is painless. There can be acute pain 
in patients after cervical surgery, and there might 
be reservations related with performing the exer-
cises since it is thought that exercise can increase 
pain. However, the patient should be asked to 
lightly swing their head to determine the pain-
less movement limits. If any pain occurs during 
this very light practice, this indicates that either 
the patient performed the movement in a harsh 
manner or the movement was performed with 
the upper cervical regions’ pushback movement. 

In this case the movement must be taught again. 
In order to minimize any tension that might occur 
in the patient, the patient is positioned in hook 
position, with arms on the abdomen.

• Compensations:
 – If the pressure increases more than 2 mmHg 

at the beginning
 – If the movement is performed too fast
 – If the activity of superficial muscles is felt
 – If it does not return to starting point when 

pressure is released
 – If the lordotic angle is lost
 – If the patient lifts his/her head to reach 

target

If any of the above is true, this means that the 
“craniocervical flexion” movement is performed 
incorrectly [109, 110].

8.3.10  Low-Load Endurance Training

Low-level endurance training of deep-neck flexions 
begins as soon as the patient correctly performs 
the craniocervical flexion movement. The training 
begins at a pressure level that the patient can achieve 
a good movement pattern and hold stable, without 
using superficial flexor muscles. This is usually the 
lowest levels of the test [22 or 24 mmHg].

Fig. 8.22 CCF training
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8.3.10.1  Training Protocol
Starting at 20 mmHg and increasing at 2 mmHg 
steps, the desired level of 30 mmHg is achieved. 
The movement is maintained for 10 s at each 
level; ten repetitions are asked with 3–5-s rest 
intervals. If the level is maintained for 10-s three 
repetitions then the next level can be started 
(Fig. 8.23) [111, 112].

Fast and irregular movements are not encour-
aged since they mask the insufficiencies in 
 deep- neck flexors’ activation. The patient follows 
the superficial muscles’ undesired movements by 
paling the muscles. In this case the patients should 
first of all focus on the craniocervical flexion 
movement and later look at the pressure gauge and 
maintain the pressure level they have achieved. In 
any case, the training should be performed without 
any fatigue; otherwise a wrong pattern emerges. 
The duration required to achieve and maintain the 
five levels of craniocervical  varies; however it is 
usually achieved within 4–6 weeks.

8.3.11  Reeducation of Neutral Spinal 
Posture

Preserving the neutral vertical spinal posture at reg-
ular intervals during the day has numerous favor-

able benefits and outcomes. Mechanically, vertical 
neutral posture can eliminate the passive load on 
cervical structures and the resulting pain. Spinal 
and pelvic posture control training is the first step 
of the training. It is a painless exercise that in fact 
eliminates pain. At the beginning, vertical neutral 
spinal posture is trained while sitting. Correction 
begins in the lumbopelvic region. One of the 
methods that the patient learns in a simple and 
quick manner is applying pressure on L5 spinous 
process and facilitating the position (Fig. 8.24). 
This emphasizes the restoration of normal lordosis 
through the use of multifidus. Thoracic and cer-
vical postures are usually corrected automatically 
by correcting the lumbopelvic position. Additional 
visual feedback through the use of a mirror can 
also be beneficial to the patient. The patients can 
be taught the facilitation they perform on their 
own, for the early periods of the posture training. 
The patients can repeat the facilitation by placing 
their thumbs of fingers on the L5 spinous protru-
sion. Correction continues until an awareness of 
position and muscles is achieved.

The patients are encouraged to practice the 
posture correction exercise at 15-min intervals 
throughout the day and to maintain the position 
for at least 10 s as they continue their activi-
ties. This practice can be performed in sitting or 

Fig. 8.23 CCF 
endurance training
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standing position. Scapular correction is in the 
second phase of the reeducation. This is some-
times postponed until second phase with patients 
having difficulty in learning the spinal postural 
position. One last element of posture correction 
exercise is asking the patient to perform a slight 
occipital lifting.

8.3.12  Late-Period Post-cervical 
Surgery

The exercise program in this period contin-
ues to focus on motor learning; however, the 
load is increased in exercises. In this phase, a 
switch is made from the laying-on-back posi-
tions, where the gravity is helping, to positions 
which are against the gravity. Unilateral and 
bilateral extremity movements are added to the 
exercise program in order to achieve dynamic 
stabilization. The patient switches from station-
ary ground to moving ground and from simple 
extremity movements to complex movements 
to help develop position awareness and balance. 
After gaining control of the movements, weights 
and elastic bands are added to the exercises 
(Figs. 8.25, 8.26, 8.27, 8.28, 8.29, 8.30, 8.31, 
and 8.32).

8.3.13  Vibration and Proprioception

The impact of vibration applications on the sense 
of position and kinesthesis is a subject frequently 
researched in the recent years. The sense recep-
tors in the muscles, joints, and skin play an active 
role in proprioception sense. The most important 
receptors for proprioception in muscles are in the 
Golgi tendon organs and muscle fibers. Afferents 
related with sense of position and movement are 
found in muscle fibers. These are triggered when 
the muscle fiber tenses during elongation of the Fig. 8.24 Neutral spine

Fig. 8.25 CCF with arm movement
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muscle. While the Ia afferents in the muscle fiber 
are sensitive to speed variations in the extremi-
ties, group II afferents provide information 
related with position conditions. The activity of 
muscle fibers increases with the elongation of the 
muscle. For the sense of position to be picked up, 
the muscles on both sides of the joint should be 

able to receive sufficient signals during position 
and movement. When sufficient activation of the 
muscle fiber is achieved through vibration applied 
on the muscle tendon, the joint position changes 
can be detected. According to the studies con-
ducted, slight variations are seen in skeletal mus-
cle lengths during whole-body vibration. During 
the application of the vibration, a response called 
“tonic vibration reflex” arises, which includes the 
activation of muscle fiber and the activation of 
muscle fibrils through large alpha motor neurons. 
Tonic vibration reflex also leads to muscle fiber 
activation and increasing of the effectiveness of 
polysynaptic pathways. Vibration applications of 
100 Hz and above cause the group Ia fibers to 
empty and may lead to illusions in position sense 
and movement perception. Vibration applications 
below 100 Hz, on the other hand, mostly activate 
group II fibers. As stated before, since group II 
fibers provide information regarding the posi-
tion’s condition, the position sense may develop 
after this application [113–115].

In the literature, vibration applications for 
proprioception training are usually carried out 
between 5 and 100 Hz for 30–45-s durations 
and 15-s rest periods, for a total of 5 min [116, 
117]. There are no studies in the literature per-
taining vibration application postspinal surgery. 
However, in the early period post-operation, 
applications can be done using durations and fre-
quencies specified in the literature on the pain-
ful region or slightly away from painful region 

Fig. 8.26 CCF with bilateral arm movement and lift knee

Fig. 8.27 CCF with heel-slide

Fig. 8.28 CCF with opposite side arm and leg lift
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Fig. 8.29 CCF with quadruped position

Fig. 8.30 CCF with sitting
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if the pain causes too much discomfort. In the 
light of all of these developments, even though 
the effect of vibration applications on proprio-
ception is becoming better known in the recent 
years, there’s definitely a need for more studies 
to be conducted on the subject.

8.4  Manuel Therapy

8.4.1  Massage Therapy

Massage therapy has local and systemic effects. 
Local effects are that it helps with the breakdown 

of tissue adhesions [118] and increases blood flow 
and oxygenation of muscles [119]. It has been 
demonstrated that massage alleviates production 
of inflammatory cytokines TNF-alpha and IL-6 
at cellular levels, increasing mitochondrial bio-
genesis in muscle damages arising from exercises 
[120]. Increased blood levels of oxytocin and 
reduced levels of the stress hormone ACTH are 
among the systemic effects [121]. Depending on 
the increase in serotonin and endorphins, depres-
sion, anxiety, and pain are reduced, which are 
among the central nervous system effects [118]. It 
has also been demonstrated that therapeutic mas-
sage reduces Hoffman’s reflex and  alpha-motor 

Fig. 8.31 CCF with 
standing
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neuron excitability of the flexor carpi radialis 
muscle [122], and improves cervical range of 
motion [123, 124].

The term “joint effusion” refers to swelling 
within a joint capsule, which is commonly seen 
after acute extremity joint injury, and it may per-
sist for extended periods of time [125]. Skeletal 
muscle can be inhibited due to joint effusions and 
it can even impair extremity proprioception even 
though no pain is felt [126, 127]. A single known 
event that causes physical injury, or trauma as 
referred to here [128], is often revealed with 
musculoskeletal tissue disruption and accompa-
nying damage or destruction mechanoreceptors 
innervating those tissues [129]. After trauma, 
and once swelling and pain are resolved, loss of 
musculoskeletal tissue and its mechanoreceptors 
is associated with persistent impairment of pro-
prioception [118, 130, 131].

An individual who has had different kinds of 
surgeries may benefit from the massage therapy 
as it has been shown by studies. In literature, 

effectiveness of massage therapy in the postop-
erative thoracic surgery setting has been studied. 
According to one, 160 people completed the 
pilot study and it was found that patients that 
had a massage therapy had remarkably reduced 
pain scores after the massage. Massage therapy 
reduces reducing muscle hypertonicity and alle-
viates pain, which is cited as another positive 
effect [132].

There are however no studies on the effect of 
massage therapy on proprioception after spinal 
surgeries. Clinically, the afore-cited local and 
systemic effects can be employed for improved 
proprioception after spinal surgical. Also, mas-
sage therapy helps to improve proprioception as 
it stimulates cutaneous receptors.

8.4.2  Soft-Tissue Mobilization

In human body, apart from the bone tissue, all 
tissues including muscles, tendons, ligaments, 

Fig. 8.32 CCF with deep extensor muscle activation
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and fascia that is a sheet of connective tissue 
constitute soft tissue of the body. Soft tissues 
enclose other tissues and organs, attaching, sta-
bilizing, and protecting them. Soft tissues includ-
ing skin, muscle, and joint capsule contain many 
mechanosensitive neurons. Mechanoreceptors 
and mechano-nociceptors, for instance, respond 
to many mechanical stimuli like compression, 
stretch, and vibration [133].

Soft-tissue mobilization technique is a form of 
manual therapy, and it intends to increase soft- 
tissue mobility by employing methods such as 
low-load, long-duration forces applied in approx-
imation, traction, and torsional vectors [134]. 
Contact is often applied to knuckles, knuckle 
joint, palm, elbow, or forearm.

After an injury, inflammation and proliferation 
of new cells occur. During such time of inflam-
mation and proliferation, fibrosis and formation 
of scar tissue in the injured soft tissue may be 
seen [135]. As a result, often inflammatory pain 
is felt. When inflammatory occurs in an injured 
tissue, immune cells step in and phagocytosis 
occurs. As tissue fragments that are decomposed 
by phagocytosis or substrates that are secreted by 
immune cells trigger type III and IV nerve end-
ings pain is induced in the body [136]. It is stated 
in the literature that soft-tissue mobilization has 
been effective in reducing inflammation arising 
from exercise; however a massage technique has 
been applied in this study here [137].

Soft-tissue mobilization intends to break up 
the inelastic or fibrous muscle tissue myofascial 
adhesions like scar tissue due to back surgery, 
hence to move tissue fluids and relax any muscle 
tensions. This can be applied to all of the mus-
cles that surround the spine, and it is composed 
of rhythmic stretching and strong pressure. Soft- 
tissue mobilization techniques may become even 
more effective with active participation of the 
patient. At the time of mobilization of restricted 
tissue, voluntary muscle activation in agonist- 
antagonist pairs may give more effective results. 
Relief in soft tissue improves blood and lymph 
stream, and reduces edema and pain [130].

After a spinal surgery, depending on patient tol-
eration, therapist localizes the area with maximum 
tissue restriction by employing a layer-by- layer 

assessment. Soft contacts and longitudinal appli-
cations can be used every other day depending on 
the toleration of the patient and the tissue itself.

8.4.3  Connective Tissue Massage

Connective tissue is richly innervated with mech-
anosensory and nociceptive neurons. Connective 
tissue massage is a type of massaging applied by 
stretching stokes onto connective tissue [138]. 
There are a few theories relating to mechanism 
of action of the connective tissue massage. One 
of them is that strokes applied onto connec-
tive tissue result in local mechanical actions on 
some of the cells (i.e., histamine-releasing mast 
cells, glycosaminoglycan-producing fibroblasts), 
diminish sympathetic nervous system activa-
tion, and activate reflex mechanisms that lead 
to vasodilatation. As a result of this, the circu-
lation is stimulated in organs that are associated 
with parasympathetic ganglion, circulation is 
improved in the entire body, and pain and mus-
cular spasms are reduced [139]. Most probably 
connective tissue passage intensely stimulates 
cutaneous mechanical receptors, which, in turn, 
triggers the “paingating” mechanism, blocking 
the sense of pain along small peripheral senso-
rial fibers that are responsible for carrying the 
sense of pain towards ascending tracts of spinal 
cord, hence reducing pain [140]. In addition to 
this, it is a fact that connective tissue massage can 
 stimulate cutaneovisceral reflex via autonomic 
nerve system, and lead to improving actions in 
the internal organs that share the same innerva-
tion as dermatomes on skin [141].

It has been demonstrated in literature that con-
nective tissue massage can reduce back pain. In 
literature, it has been further demonstrated in the 
case of neck pain that both conventional mas-
sage and connective tissue massage can be used 
for reducing acute pain antispasmoic and quick 
relief [142].

In early phase of postsurgical immobilization, 
it has been shown that loss in muscle length is 
essentially related to shortening of muscular 
related connective tissue [143, 144]. In clini-
cal applications, after spinal surgeries, despite 
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the damaging role of immobilization and surgi-
cal applications on the tissue, dynamically and 
potentially reversible nature of the connective 
tissue plasticity can be activated with connective 
tissue massage applications. Also, connective tis-
sue massage helps to improve proprioception as 
it stimulates cutaneous receptors.

8.4.4  Kinesio Taping

The Kinesio Taping® technique and Kinesio 
Tex® tape were developed by Dr. Kenzo Kase, 
a Japanese chiropractor and acupuncture expert 
in 1973. According to Dr. Kase, musculoskeletal 
disorders primarily result from muscular dys-
functions. The technique relies on three concepts, 
namely space, action, and cooling, indicating that 
swelling muscles take up the space due to pain, 
inflammation, and edema. In kinesio taping tech-
nique, skin is removed; therefore cutaneous and 
subcutaneous interstitial area is increased, which, 
in turn, triggers circulation and action. Increased 
circulation and action reduces inflammation, 
which, to some extent, cools it off. This intends 
to reduce pain, increases performance, triggers 
reeducation of neuromuscular system, prevents 
injuries, and accelerates circulation and tissue 
improvement [145].

In this technique, certain positive impacts can 
be mentioned depending on the degree of stretch-
ing to the tape [145]. These impacts stimulate 
mechanoreceptor via the skin, transmit signals to 
the central nervous system creating a positional 
stimuli in the relevant area, correct array of the 
fascia tissue, and lift fascia, cutaneous, and sub-
cutaneous soft tissues in painful and inflamma-
tory area for making more space. In addition to 
this, it creates sensory signals to restrict or other-
wise increase the movement, and guides exudate 
towards the lymph for reduced edema [145].

However, mechanism of actions and effective-
ness for kinesio taping techniques suffer from 
insufficient scientific data in literature—not to 
mention that literature results are controversial. 
Some studies defend that periarticular muscular 
tissue is supported and muscles are strengthened 
while muscular stability is improved, joint mobil-

ity is facilitates, and pressure upon structures such 
as muscles, ligaments, tendons, and nerves is 
diminished to a degree of some sort of inhibition 
that reduces tension and improves proprioception. 
Some other studies however defend that kinesio 
taping has no effect on eccentric and concentric 
muscle force or on proprioception [146–149].

Some researchers have put forth that kinesio 
taping affects cutaneous mechanoreceptors in a 
way that is like to adjust proprioception [147, 
149]. The kinesio taping, in case of cutaneous and 
muscular application, alters the skin and superfi-
cial fascia length, and muscular fiber stretching, 
affecting mechanoreceptors that are sensitive 
to stretching, pressure, and tearing forces [150, 
151]. This might lead to specific modifications 
in muscular motion and tonus. Especially low-
pressure stimulation onto connective tissue alters 
the impact on mechanoreceptors and may even 
have effect on gamma motor neuron and muscu-
lar tonus alignment. The kinesio taping may be 
influential on increased proprioceptive ability 
especially in the middle of the action only. At 
this specific interval, ligament mechanorecep-
tor is inactive while muscle receptors are active. 
Responding to joint mobility and position may 
stimulate sensory afferent transmission, playing 
on the proprioception improvement. Cutaneous 
afferent stimuli are in contact with motor cortex, 
and this is how it affects the central nervous sys-
tem muscular stimulability [152–154].

The kinesio taping applications on the spine 
often relate to back pain and postural support 
purposes. In a study for the impact of kinesio 
taping application upon lower body joint range 
of motion, Y-shaped tape recommended to 30 
healthy men’s and women’s sacrospinalis was 
applied in a way that the base coincides with the 
center of sacrum, while arms of the shape Y come 
forward at the time of flexion. Measurements were 
made for body flexion, extension, and lateral flex-
ion before and after kinesio taping. Researchers 
have revealed that kinesio taping increased 
active lower body flexion joint range of motion. 
Accordingly, it has been indicated that the appli-
cation could be followed in order to support lower 
back muscles, provide mechanical support with 
the body muscles, reduce pain, accelerate tissue 
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healing, and improve body flexion [155–157]. In 
another study performed in literature, it has been 
demonstrated that pain, functionality, and body’s 
joint range of motion results gradually improved 
after kinesio taping applications applied on rectus 
abdominis, internal oblique, erector spinae, and 
latissimus dorsi [158].

In case of patients with a neck pain, inhibi-
tion occurs in deep-neck flexor and extensor 
muscles, oil infiltration increases, deformation 
takes place in type 1 and type 1 fiber ratios, and 
muscular atrophy is observed. Micro and macro 
trauma risk increases while support decreases 
[159–161]. As a result, trapezius group’s acti-
vation response and exhaustion increase, and 
neck joint motion and proprioception senses 
decrease. It is known that scapulothoracic area 
is also affected in case of neck pain, and espe-
cially the response to upper trapezium activation 
increases while serratus anterior muscular activa-
tion response decreases [162, 163]. This shows 
that scapula orientation and mobility alterations 
are identical for the patients that suffer from 
neck pain and shoulder complaints [164, 165]. 
Alterations in scapula position are classified as 
down rotation, depression, elevation, addiction, 
abduction, tilt, and blading [166]. Alterations 
in scapula position interrupt with the tension of 
cervicoscapular muscles [upper trapezium, leva-
tor scapula], increase stress in the neck area, and 
are likely to affect the neck functions along the 
weight transfer from upper extremities [167]. 
Repeated and extreme stress results in cervical 
tissue injuries, pain, and restricted neck rotation 
[168, 169]. Such stress issues also affect cervical 
inflammation, inhibit proprioceptive sense, and 
interrupt with motor controls [170, 171]. It has 
been shown with various studies that kinesio tap-
ing, if and once applied with the technique that is 
supposed to support the scapular position sense, 
triggers proprioception, and is influential in pre-
venting injuries [172, 173].

8.4.5  Electrotherapy

Both follow-up and rehabilitation are vital after 
spinal surgery; even a minimal invasive tech-
nique entails physical therapy and rehabilitation 

applications. To ensure maximum recovery and 
minimum potential troubles in the future, it is 
vital that muscles function optimally after a spine 
procedure.

Electrotherapy contains various treatments 
involving electricity in order to reduce pain, 
enhance circulation, repair tissues, trigger muscu-
lar strengthening, and promote bone growth that 
leads to better physical functioning. The medical 
literature on electrotherapy’s effectiveness has 
been mixed, and it has been found that not all elec-
trotherapy treatments are supported by research.

It takes time for the skin, muscle, connective 
tissues, intervertebral disc, and similar soft tissues 
to heal in the postspinal surgical period. Cautious 
and tolerable actions occur in the original surgi-
cal area after early period surgery as far as reha-
bilitation is concerned. To avoid pain and edema 
in the operated area, action is restricted to mini-
mum for the first week in spine area. Modalities 
employed for reducing pain are many, such as 
cold laser therapy, electrotherapy [ultrasound, 
iontophoresis, transcutaneous electrical nerve 
stimulation [TENS], pulsed electromagnetic field 
therapy [PEMF], electrical stimulation and heat/
cold has been investigated, and other methods of 
reducing pain rather than directly addressing the 
cause of pain [174–180]. Likewise, after mini-
mally invasive surgeries, electrotherapy agents 
can be useful for controlling the symptoms. As 
electrotherapy agents used in the postsurgical 
period alleviate patients’ symptoms such as pain 
and edema and increase mobility in the operated 
area, it helps to improve proprioception.
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9.1  Hip Anatomy 
and Pathomechanics

Hip joint health and function is directly related to 
low back and knee health. The ball and socket mor-
phology of the hip joint and its six degrees of free-
dom mobility in three planes of motion create an 
abundance of contractile and noncontractile tissue 
synergies during functional movements. In many 
ways, the hip serves as the key linkage between 
the trunk or lumbo-pelvic regions and the lower 
extremities [1–4] (Figs. 9.1 and 9.2). The articula-

tion between the femoral head and the acetabulum 
formed by osseous contributions from the ilium, 
ischium, and pubic bones is further stabilized by the 
hip joint labrum, capsular ligaments, and stronger, 
extracapsular ligaments, including the Iliofemoral 
ligament (“Y” ligament of Bigelow), the ischiofe-
moral ligament, and the pubofemoral ligament.

The ligamentum teres represents an interest-
ing intra-articular hip joint structure consisting 
of two bands that originate on the ischial and 
pubic sides of the acetabulum notch and blend 
with the transverse acetabular ligament between 
these two attachment sites [5]. The two bands 
insert on the fovea capitis of the femoral head. 
From its origin, the ligamentum teres begins as 
a flat, pyramidal ligament transitioning into a 
more round or tubular morphology at its attach-
ment on the fovea capitis. Anatomically, the 
ligamentum teres predominantly arises from the 
transverse acetabular ligament along the inferior 
margin of the acetabulum. Mechanical testing of 
the ligamentum teres has shown some similarity 
in structure and strength to the anterior cruciate 
ligament (ACL) of the knee [6, 7]. The ligamen-
tum teres is composed of collagen types I, III, 
and IV and is surrounded by a layer of synovium 
that contains small arteries (including the artery 
femoris capitis), veins, and nerve bundles [8] 
(Fig. 9.3). The mean length of the ligamen-
tum teres is 30–35 mm. At its yield and failure 
points, the mean length of the ligamentum teres 
is approximately 38 mm and 53 mm, respectively 
[9]. Traditionally, there has been no consensus 
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on the role of the ligamentum teres in provid-
ing hip joint stability. Although it has long been 
considered less than essential for noncontractile 
hip joint stability purposes, it may have greater 
importance when hip joint dysplasia or capsulo-
ligamentous deficiency exists [10].

Gray and Villar [6] suggested that by virtue of 
fovea capitis topography, the ligamentum teres is 
tightest in a position of hip adduction, flexion, and 
external rotation. As this is the position in which 
the joint is least stable, a mechanical, hip stabiliz-
ing role of the ligamentum teres was  proposed. 

External obliques

Psoas Major

Rectus Femoris

Gluteus Medius

Quadratus Femoris

Semimembranosus

Semitendinosus
Gracilis

Adductor Brevis

Pectineus

Iliopsoas Tendon

Rectus Abdominis

Sartorius

Tensor Fascia Lata

Iliacus Iliacus

Adductor Longus

Adductor Magnus

Rectus Femoris (Reflected Head)

Quadratus Lumborum

Fig. 9.1 Key tendinous attachments that influence hip, lumbo-pelvic region, and sacroiliac joint function

Semitendinosus

Pectineus

Gracilis

Biceps Femoris
(Long Head)

Sacrotuberous Ligament

Biceps Femoris
(Long Head)

Rectus Abdominis

Semimembranosus

Adductor
Magnus

Adductor
Brevis

Fig. 9.2 Inferior view of pelvic tendon attachments that influence sacroiliac joint rotation

J. Nyland et al.



109

Martin et al. [10] used string models to assess 
the excursion of the ligamentum teres during hip 
movements. The model found that the ligamentum 
teres had its greatest excursion when the hip was 
externally rotated in flexion (ER/FLEX) and inter-
nally rotated in extension (IR/EXT). They con-
cluded that the ligamentum teres may contribute 
to hip stability, particularly when the hip is in ER/
FLEX and IR/EXT. In studying 20 patients with 
ligamentum teres ruptures and an osseous abnor-
mality that appeared to correlate with symptom-
atic instability, they reported that individuals with 
osseous risk factors for instability, including infe-
rior acetabular insufficiency, may have instability 
with squatting (ER/FLEX) and crossing one leg 
behind the other (IR/EXT). The ligamentum teres 
serves as an important hip stabilizer when an indi-
vidual assumes a squatting position (with hips in 
flexion and external rotation) or when attempting 
to cross the involved leg behind the other (with hip 
extension and internal rotation) [10]. These two 
positions create maximum tension on the ligamen-
tum teres [10]. They argued that the role of liga-
mentum teres may become more important when 
the other stabilizers are deficient, such as with 
deficient bony stability (anteroinferior acetabular 
deficiency) or deficient capsuloligamentous stabil-
ity (generalized ligamentous laxity). Kivlan et al. 
[7] used human cadavers to demonstrate that when 

the hip moves into flexion-abduction, the ligamen-
tum teres moves into a position that provides ante-
rior and inferior hip stabilization. The ligamentum 
teres acts as a “sling-like” structure in support-
ing the femoral head inferiorly and preventing 
 anterior/inferior hip joint subluxation. The liga-
mentum teres has been found to be approximately 
as strong as the ACL and is tightest when the hip 
is in a position with the least stability (flexion, 
adduction, external rotation) [11]. It is also known 
to possess nociceptors and mechanoreceptors [12, 
13], further suggesting a direct proprioceptive role 
far greater than that of a vestigial remnant.

Shoulder and knee arthroscopy has considerably 
increased in popularity since the mid-1970s. Wide 
use of hip arthroscopy has developed at a slower 
pace, with the first textbooks being published in 
the 1980s [14, 15]. From a joint tissue preservation 
standpoint, hip joint arthroscopy is a later mem-
ber to this movement. There is a direct association 
between acetabular labral tears, developmental 
hip dysplasia, femoro-acetabular impingement, 
and early onset hip osteoarthritis [16]. Femoro-
acetabular impingement is a general term that 
encompasses any excessive abutment secondary to 
repetitive contact between the femoral head–neck 
junction and the acetabular rim. Over time, irrita-
tion from this condition can lead to intra-articular 
cartilage delamination, regional labral injury, and 
early osteoarthritis. Femoro-acetabular impinge-
ment may involve a lesion on the acetabular side 
(pincer) (Fig. 9.4) or on the femoral side (cam) 
(Fig. 9.5) or both. Cam lesions are directly associ-
ated with femoral head–neck junction asphericity 
and are generally located at the anterior-superior 
aspect of the joint [17]. The cam lesion represents a 
bony increase in the diameter of the femoral neck at 
the femoral head–neck junction.

9.2  Proprioceptive 
and Kinesthetic 
Considerations of the Hip 
Region

The proprioceptive system helps preserve neu-
romuscular hip joint control and dynamic stabil-
ity. It includes peripheral mechanoreceptors that 

Fig. 9.3 Arthroscopic view of ligamentum teres
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detect signals and convey proprioceptive infor-
mation to the sensory cortex of the brain [18, 
19]. Afferent-efferent feedback systems help 
improve movement coordination and postural 
control, thus helping prevent injuries. A cor-
relation between a decreased number of nerve 

endings and proprioception deficits has been 
identified in joint disease [20]. Proprioceptive 
system performance affects dynamic joint sta-
bility and can be a contributing cause of articu-
lar cartilage degeneration. In comparing groups 
with and without hip arthrosis, Moraes et al. 
[21] reported a significantly greater reduction in 
the Pacini type (P < 0.035) than in the Ruffini 
type mechanoreceptors among subjects with hip 
arthrosis and lower overall mechanoreceptor 
densities. Patients with knee osteoarthritis often 
have lower extremity sensory deficits described 
as proprioceptive loss, balance loss, joint posi-
tion sense loss, and kinesthetic loss [20, 22]. The 
role of these deficits in the pathophysiology of 
joint OA is not clear; however, a growing body 
of evidence suggests that diminished sensory 
input may impair or reduce protective muscular 
reflexes around the joint, leading to increased 
mechanical loading and articular cartilage dam-
age. Shakoor et al. [23] identified significant 
sensory deficits associated with hip osteoarthri-
tis and these deficits involved both the upper 
and lower extremities. The mechanism for this 
remains unclear; however, neurologic feedback 
mechanisms or an inherent generalized neuro-
logic defect has been proposed [20].

Fig. 9.4 Arthroscopic view of bony pincer lesion at left 
hip. The yellow arrow depicts the space between the fem-
oral head and acetabulum generated by distraction. A 
bony pincer lesion can be observed behind the labral tis-
sue after it was exposed using a radio frequency device, 
prior to its removal using a motorized burr

a b

Fig. 9.5 Arthroscopic view of large cam lesion at right 
hip (a). Yellow dotted line marks the boundary between 
normal femoral head articular cartilage to the left and the 

osseous bump to the right (b). Following lesion decom-
pression, a normal offset normal hip range of motion was 
restored

J. Nyland et al.
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Given its generally robust osseous and capsu-
loligamentous stability compared to the gleno-
humeral joint (the “other ball and socket joint”), 
at the hip, concerns related to proprioceptive or 
kinesthetic function have not received similar 
attention. However, with growing hip arthros-
copy use, the knowledge base of both capsulo-
ligamentous histology and the potential negative 
influences of hip joint dysplasia on dynamic hip 
joint stability is increasing [10–13]. Although 
deeper than the glenoid process of the shoulder, 
the stability provided by the acetabulum is like-
wise augmented by a labrum. Mechanoreceptors 
have been identified in the hip capsule, acetabular 
labrum, and transverse acetabular ligament. The 
highest mechanoreceptor density in hip labral tis-
sue is located within its inner zone (tissue closest 
to the acetabular articular cartilage). The labrum 
is also only vascularized in the inner third. This, 
in particular, is an important consideration as 
surgeons attempt to expand the zone of effective 
labral repair [24].

The anterior region of the labrum comprised the 
highest relative contribution of sensory fibers and 
mechanoreceptors. Alzaharani et al. [25] found 
the highest level of mechanoreceptors and free 
nerve endings in the anterosuperior and postero-
superior labral regions between 10 and 2 o’clock 
around the acetabulum (Fig. 9.6). Haversath 
et al. [26] found the highest concentration of 

pain receptors in the anterolateral labrum, espe-
cially the labral–acetabular junction with fewer 
pain receptors beyond the 10–2 o’clock position. 
Labral tissue debridement in these regions may 
provide pain relief by nociceptive fiber ablation; 
however, removal of the mechanoreceptors from 
this area may have deleterious effects on joint 
proprioception and on dynamic neuromuscular 
control function. They suggested that labral tears 
in these zones should be repaired, particularly 
injuries located at the base of the labrum. In an 
immunohistological study, Haversath et al. [26] 
identified a high sensory fiber and mechanorecep-
tor density in the anterior and superior hip cap-
sule. Kampa et al. [27], however, found a small 
interneural zone at the anterosuperior capsule that 
lacked the dense innervation seen in other areas 
of the capsule. In summary, the highest labral sen-
sory fiber and mechanoreceptor density is located 
along the anterior and superior capsule, particu-
larly anteromedially.

Physiological studies in the cat hip joint have 
demonstrated two types of mechanoreceptors: 
slowly adapting Ruffini mechanoreceptors which 
are sensitive to capsular stretch or tension, and rap-
idly adapting Pacinian mechanoreceptors which 
are sensitive to pressure and vibratory stimuli [19]. 
Although it has been shown that the most common 
mechanoreceptor types in hip periarticular tissues 
are Pacinian and Ruffini mechanoreceptors, others 
only observed a preponderance of Ruffini mecha-
noreceptors [28]. Pacinian mechanoreceptors are 
rapidly adapting receptors that can identify sudden 
ligament tension changes, but quickly decrease 
transmitting signals once tension becomes con-
stant. These mechanoreceptors can monitor accel-
eration and deceleration of a ligament’s tension. 
The fast- adapting Pacinian mechanoreceptors 
found in abundance in the ACL are not as common 
in the hip joint. Gerhardt et al. [28] suggested that 
fast neuro-feedback loops may not be as impor-
tant in the well-contained, stable hip joint as they 
are in the knee. Injury to these afferent fibers from 
hip dislocation, fracture, or surgery may result in 
decreased proprioceptive acuity, which may lead 
to decreased coordination, decreased postural 
control, subsequent re-injury, and/or early onset 
osteoarthritis.
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Fig. 9.6 Right hip acetabulum labral clock pattern. 
Studies report that the greatest concentration of labral 
mechanoreceptors exists between the 10 and 2 o’clock 
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According to Gerhardt et al. [28], within the 
hip capsule, the highest areas of innervation were 
within the superolateral and anterior capsule 
with 9.6 mechanoreceptors/high powered field 
and 3.2 free nerve endings/high powered field in 
the superolateral capsule. In the anterior capsule, 
there were 4.0 mechanoreceptors/high powered 
field and 2.2 free nerve endings/high powered 
field. The anterior hip joint capsule is predomi-
nantly supplied by the articular branches of the 
femoral and obturator nerves, with a frequency of 
contribution to capsular innervation of 95% and 
85%, respectively [27]. Overlap between these 
two nerves is most apparent on the medial aspect 
of the hip joint capsule, which may account for 
the more abundant free nerve endings observed 
in the anteromedial capsule than elsewhere [18]. 
In general, the femoral nerve is primarily respon-
sible for innervation of the anterior and antero-
lateral hip joint capsule, and the obturator nerve 
supplies the anteromedial and inferior capsule. 
An accessory obturator nerve contributes to ante-
rior hip joint capsule innervation with a contribu-
tion frequency of approximately 5%. Birnbaum 
et al. [29] identified superior gluteal nerve articu-
lar nerve branches that innervated the posterolat-
eral hip joint capsule and articular branches from 
the nerve to the quadratus femoris muscle that 
innervated the posteroinferior hip joint capsule. 
The sciatic nerve supplies the posterosuperior 
hip joint capsule in a less consistent pattern with 
a frequency of contribution to capsular innerva-
tion of approximately 80% compared to 85% and 
100% for the superior gluteal nerve and the nerve 
to quadratus femoris, respectively [27]. Less 
consistent is the contribution of the inferior glu-
teal nerve which contributes to posterior inferior 
capsular innervations with an approximate 10% 
frequency. Of considerable interest is that fewer 
sensory fibers have been identified in the poste-
rior hip joint capsule, suggesting a less robust 
innervation [28, 30]. Most studies confirm high 
levels of anterior capsular innervation, while pos-
terior hip joint capsule innervation remains less 
well understood [31].

9.3  Hip Evaluation and Treatment

The patient with a painful, non-arthritic hip often 
presents with a diagnostic dilemma, particularly 
in younger individuals. Hip pain in young adults 
is often characterized by nonspecific symptoms, 
normal imaging studies, and vague findings 
from the history and physical examination [32]. 
Identification of the exact source and mecha-
nism of the pain can therefore be quite difficult. 
As our understanding of hip pathology evolves, 
and arthroscopies and other hip-preserving 
operative techniques continue to improve, the 
focus is shifting toward earlier identification of 
hip pathology. The distinction between differ-
ing intra- and extra-articular causes of hip pain 
is important for treating these patients. Intra- 
articular sources of hip pain, which are usu-
ally addressed arthroscopically, are labral tears, 
loose bodies, femoro-acetabular impingement, 
synovitis, ligamentum teres tears, and chondral 
injury. Extra-articular pain sources that can be 
managed either surgically or non-operatively 
include extra- articular bony impingement (tro-
chanteric-pelvic, ischiofemoral, subspine), ilio-
psoas tendonitis, internal or external snapping 
hip, abductor tears, and greater trochanteric bur-
sitis, femoral neck stress fracture, myotendinosis 
injuries (adductors, proximal hamstrings, rectus 
femoris), piriformis syndrome, deep gluteal syn-
drome, sacroiliac joint pain, athletic pubalgia, 
sports hernia, Gilmore’s groin, and osteitis pubis 
[4]. As this formidable list suggests, of all the 
major joints, the hip remains the most difficult 
to evaluate for most clinicians who treat patients 
with musculoskeletal concerns. Especially in 
the setting of subtle bony abnormalities, such as 
femoro- acetabular impingement, the clinician’s 
ability to precisely differentiate pain generators 
in the hip has been ambiguous.

Deciphering the etiology of the pathology ver-
sus the pain generators is essential to prescrib-
ing proper treatment. A systematic means of 
 determining which hip structures are the source 
of the pathology, which is the pain generator, 
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and how to best implement treatment has been 
described [32]. For hip flexion-extension and 
adduction- abduction, it is important to distin-
guish pure hip joint motion from compensatory 
pelvis or lumbar spine motion. When sitting, the 
pelvis is best stabilized with the hip flexed to 90°. 
This enables a more accurate assessment of hip 
internal and external rotation. Total hip internal 
and external rotation range of motion differences 
exist in extension and flexion. There should be 
at least 10° of hip internal rotation for normal 
function [32]. Decreased hip internal rotation 
is suggestive of intra-articular hip pathology. 
Patients with femoro-acetabular impingement or 
rotational constraint from increased or decreased 
femoral and/or acetabular anteversion may pres-
ent with significant side-to-side measurement dif-
ferences. In adolescent athletes with open growth 
plates, apophyseal avulsion fracture/injury of 
the sartorius and rectus femoris of the anterior 
superior and anterior inferior iliac spines, respec-
tively, are common [32]. Pubic symphysis or 
ramus tenderness may result from the recurrent 
stresses generated by the powerful hip adduc-
tors and the rectus abdominus/conjointed tendon. 
It is important that clinicians remember that the 
loaded pelvis usually rotates over a fixed femur, 
thus creating anterior and medial forces with 
instant rotary moments.

9.4  Hip, Core, and Lower 
Extremity Functional Linkage

The human body uses an effective three- 
dimensional framework of bones, joints, mus-
cles, and ligaments for posture and movement. 
In upright posture, the trunk load passes through 
the sacroiliac joints. The orientation of the sac-
roiliac joint surfaces, however, is more or less 
in line with the distribution of loading, which 
induces high shear forces between the sacrum 
and the coxal bones. The sacroiliac joints are 
stabilized by a strong ligamentous system. 
Having viscoelastic properties during constant 

trunk load, the sacroiliac ligaments are vulner-
able to viscoelastic creep responses and need to 
be reinforced against high sacroiliac joint shear 
forces. Biomechanically, an active neuromus-
cular corset increases compression between the 
coxal bones and the sacrum, thereby protecting 
the sacroiliac ligaments and supporting load 
transfer between the trunk and lower extremities 
[33, 34]. Sacroiliac joint interlocking may also 
be assisted by transversely oriented muscles such 
as the transversus abdominis, piriformis, gluteus 
maximus, and external and internal obliques. 
Possession of sufficient sacroiliac joint stability is 
essential for effectively transferring spinal loads 
through them to the coxal bones and the lower 
extremities. Biomechanical modeling of upright 
standing posture has shown that transversely ori-
ented abdominal transversus abdominis and pel-
vic floor (coccygeus, pubo- and ilio-coccygeus) 
muscle activation helps reduce vertical sacroiliac 
joint shear forces and increases dynamic stabil-
ity [33]. Within this scenario, force equilibrium 
is represented by induced iliolumbar and poste-
rior sacroiliac joint ligaments as the transversus 
abdominus clamps the sacrum between the coxal 
bones, and as the pelvic floor muscles oppose lat-
eral coxal bone movement.

The sacropelvic parameter of pelvic incidence 
is a position-independent anatomic parameter 
that affects lumbar lordosis and pelvic orienta-
tion. Pelvic incidence is the angle between the 
line perpendicular to the sacral endplate at its 
midpoint and the line connecting this point to the 
axis of the femoral heads [35] (Fig. 9.7). Pelvic 
inclination may be associated with femoro- 
acetabular impingement, as a lower angle may 
contribute to hip joint cam or pincer lesion devel-
opment. Proper sagittal plane balance ensures 
that forces transmitted from the vertebral column 
to the lower extremities are located posterior to 
the lumbar spine and the femoral heads [36]. 
The sacrum and pelvis form a semirigid struc-
ture (the sacro-pelvis) that translates and rotates 
with gait for the necessary compensatory bal-
ance around the bicoxofemoral axis [37] which 
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passes through the centers of the left and right 
femoral heads. Consequently, disruption of this 
stability often results in a faulty load absorption 
[38]. Patients with decreased pelvic incidence 
often attempt to improve sagittal alignment by 
decreasing lumbar lordosis and tilting the pelvis 
forward. This increased forward pelvic tilt pro-
motes over- coverage of the femoral head by the 
anterior acetabulum. This may restrict femoro-
acetabular joint movement, and lead to hip joint 
impingement in addition to possible posterior 
lumbar spine compression injuries.

Dynamic impingement can be caused by the 
presence of a cam lesion (decreased femoral 
head–neck offset), a pincer lesion (acetabular 
over-coverage of the femoral head), proximal 
femoral retroversion, or coxa vara. The reduced 
femoral head-to-neck offset distance that exists 
with a cam lesion leads to acetabulum contact 
early in the arc of internal hip rotation. Repetitive 
contact during sports activity can lead to labral 
tearing, transition zone articular cartilage delam-
ination, pain, and early onset hip osteoarthri-
tis. Femoro-acetabular impingement decreases 
physiologic hip internal rotation, placing the 
labrum and hemi-pelvis at risk for repetitive, 
abnormal loading when participating in activi-

ties that require greater hip internal rotation than 
the bony anatomy allows. Femoro-acetabular 
impingement and athletic pubalgia or sports her-
nia are being observed with greater frequency as 
a source of disability among athletically active 
individuals. A clinical link has been reported 
between femoro-acetabular impingement and 
athletic pubalgia [39]. Dynamic cam impinge-
ment causes pubic symphysis rotational motion 
after the point of bony contact. Repetitive load-
ing of the pubic symphysis is a known precursor 
to athletic pubalgia [40]. This relationship sug-
gests one possible explanation for the clinical 
observation that patients with femoro-acetabular 
impingement often also present with athletic 
pubalgia or osteitis pubis.

Functionally, when a gait disturbance or per-
turbation causes an initiation or prolongation 
of the swing phase at one lower extremity, the 
stance phase of the contralateral lower extrem-
ity becomes initiated or prolonged accordingly. 
Unilateral lower extremity displacements during 
stance and gait evoke a bilateral response pat-
tern with similar spinal nerve activation onset 
latencies at both lower extremities [41, 42]. This 
inter- limb coordination is necessary to keep the 
body center of gravity over the feet [42, 43]. 

Sacral
slope

Pelvic
incidence

Pelvic
tilt

Hip joint
center

Fig. 9.7 The pelvic 
incidence represents the 
angle between the line 
perpendicular to the 
sacral plate and the line 
connecting the midpoint 
of the sacral plate to the 
bicoxofemoral axis. 
Sacral slope corresponds 
to the angle between the 
sacral plate and the 
horizontal plane. Pelvic 
tilt is the angle between 
the lines connecting the 
midpoint of the sacral 
plate to the 
bicoxofemoral axis and 
the vertical plane
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A major reason for high medical treatment costs 
in older adults is an increased prevalence of falls 
and fall- related injuries. Approximately 28–35% 
of  individuals over the age of 65 years experi-
ence at least one fall over a 1-year period with 
20% of these falls requiring medical attention. 
Gait instability in terms of greater stride-to-
stride variability has been identified as a major 
intrinsic fall risk factor in old age [44]. There 
is evidence that gait stride-to-strike variabil-
ity further increases when two tasks (postural 
requirement in addition to a secondary cognitive/
motor task) are concurrently performed [44, 45]. 
Granachner et al. [44] identified larger temporal 
and spatial side-to-side variability in older com-
pared to younger adults when walking during 
dual task conditions (i.e., walking while verbally 
reciting serial subtractions by 3 as compared to 
just walking). Kressig et al. [46] suggested that 
the degree of stride time variability in dual task 
walking conditions distinguished fallers from 
non-fallers in a group of independently walk-
ing older inpatients. A systematic review on 
dual task performance and the prediction of falls 
indicated that performance changes while dual 
tasking were significantly associated with an 
increased risk of falling among older adults [47]. 
Reduced gait speed may represent a compensa-
tory strategy to enhance dynamic stability during 
walking to prevent falling.

Postural control is a complex function that 
involves commands from the central nervous sys-
tem, peripheral afferents for regulation, and the 
musculoskeletal system as an effector. Basing 
their perceptions on the rich innervation of struc-
tures situated in and around the joints, several 
authors since Freeman [48] have hypothesized 
that a lesion of capsuloligamentous mechanore-
ceptors, particularly ligaments, could lead to a 
decrease in proprioception and consequently to 
joint instability, even in the absence of muscu-
lar strength loss or joint surface lesions. While 
many studies have focused on contributions from 
the central nervous system and peripheral affer-
ents for postural regulation, fewer studies have 
envisaged the links between balance and posture 
in cases of rheumatologic or orthopedic hip dis-
orders. Although the hip articular capsule serves 

a proprioceptive role, this role may be less than 
capsule-ligamentous contributions at the shoul-
der or knee for example, and has not been instru-
mentally objectified in coxarthrosis or following 
total hip arthroplasty [49]. The spinal musculature 
serves a crucial function in posture and balance as 
it is both a motor effector and a sensory receptor 
[50–52]. Proprioception from spine neuromuscu-
lar receptors play a fundamental role in static and 
dynamic postural control, and they contribute to 
the control of rhythmic gait [53, 54].

Muscle spindles are sensory receptors that 
provide the central nervous system with infor-
mation about muscle length, length changes, 
and joint position sense [52, 55]. Afferent infor-
mation from muscle spindles is combined with 
afferent input derived from cutaneous and joint 
mechanoreceptors. The cervical spine region has 
an essential role in providing the central nervous 
system with primary proprioceptive input. This 
is reflected in the abundance of cervical spine 
joint mechanoreceptors [50, 56]. Neck muscles 
are also exceptionally rich in muscle spindles 
both in animals and in humans, especially in the 
suboccipital region where there are up to 200 
muscle spindles/gram of muscle. In contrast, the 
first lumbrical in the thumb has only 16 muscle 
spindles/gram [51, 57, 58]. High muscle spindle 
concentrations are associated with highly struc-
tured, more complex systems [59, 60]. Using 
differing quantification methods, Voss [61] and 
Banks [60] each reported greater mean muscle 
spindle densities more proximally at the trunk 
muscles, with densities progressively decreas-
ing more distally at the hip and thigh regions 
(Table 9.1). Studies of peripheral joints in ani-
mals and humans suggest that joint mechano-
receptors play a complementary role to muscle 
receptors in the mediation of postural control, 
particularly at the extremes of motion or when 
the joint is specifically distracted or compressed. 
Muscle spindle receptors take on a greater pro-
prioceptive and dynamic joint stability role dur-
ing mid-range function.

Sensorimotor control of standing posture and 
head-neck-eye movements relies on the integra-
tive afferent information processing from the ves-
tibular, visual, and proprioceptive systems which 
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converge throughout the central nervous system. 
Eye-head coupling is necessary to  modify neck 
neuromuscular activation depending upon the 
direction of gaze. The vestibular system provides 
gaze stability. Rehabilitation attempts to retrain 
normal cervical kinesthetic performance, largely 
focusing on improving eye-head coupling. Some 
researchers recommend kinesthetic retraining pro-
tocols in the management of patients who have 

experienced a cervical spine whiplash injury and 
in patients presenting with altered head-neck posi-
tion sense and/or oculomotor control. Research 
is needed to see if rehabilitation approaches that 
take full advantage of integrative afferent infor-
mation processing from the vestibular, visual, and 
proprioceptive systems can similarly help restore 
function following musculoskeletal injuries to the 
upper and lower extremities.

Table 9.1 Lumbo-pelvic and hip region muscle spindle density region rank comparison

Banks [60] Voss [61]

Muscle Relative muscle 
spindle abundance

Region 
rank

Region 
rank

Muscle Relative muscle 
spindle number

Transversus 
abdominis

2.4 Transversus 
abdominis

7.3

Iliocostalis 2.0 Longissimus dorsi 4.5

External obliques 2.0 External obliques 3.5

Internal obliques 1.4 Internal obliques 3.0

Rectus abdominus 1.2 Iliocostalis 2.5

1.8 ± 0.5 Rectus abdominus 2.25

1 1 3.8 ± 2

Iliopsoas 1.5 Gemellus superior 3.9

Gluteus maximus 1.0 Piriformis 3.5

Gluteus minimus 0.93 Gemellus inferior 3.4

Piriformis 0.87 Gluteus minimus 2.2

Gluteus medius 0.78 Quadratus femoris 1.9

Quadratus femoris 0.47 Iliopsoas 1.8

Gemellus inferior 0.42 Gluteus medius 1.0

Gemellus superior 0.40 Gluteus maximus 0.8

0.8 ± 0.4 2 2 2.3 ± 1

Adductor magnus 0.88 Gracilis 1.5

Gracilis 0.65 Adductor longus 1.1

Adductor longus 0.58 Adductor magnus 0.9

Adductor brevis 0.51 1.2 ± 0.3

Pectineus 0.44

0.6 ± 0.2 4 3
Vastus lateralis 0.81 Sartorius 1.2

Vastus medialis 0.75 Rectus femoris 0.9

Vastus intermedius 0.69 Vastus intermedius 0.9

Sartorius 0.67 Vastus medialis 0.8

Rectus femoris 0.64 Vastus lateralis 0.7

0.7 ± 0.1 3 4 0.9 ± 0.2

Semitendinosus 0.79 Semitendinosus 1.4

Biceps femoris 0.63 Biceps femoris 0.8

Semimembranosus 0.37 Semimembranosus 0.6

0.6 ± 0.2 4 4 0.9 ± 0.4
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9.5  Therapeutic Considerations 
that Optimize Hip Function

Lumbar hyperlordosis, anterior pelvic tilt, and 
sacroiliac joint dysfunction in any combination 
have been linked to chronic hamstring strain 
injuries [62]. Lumbar hyperlordosis often cor-
relates with anterior pelvic tilt, placing strain on 
the origin of the hamstring at the ischial tuber-
osity, resulting in hamstring musculotendinous 
pathology [62]. Ideally, when standing or sitting, 
the innominate bones are in rotational alignment. 
However, pelvic obliquity often develops with 
anterior rotation on one side and posterior rota-
tion on the other. Innominate rotational obliquity 
and sacral torsion may result from any number of 
forces that are transmitted between the vertebral 
column, the pelvis, pelvic floor, and the lower 
extremities. The influence of monthly menstrual 
cycle hormones in females may further increase 
this risk as capsuloligamentous tissues become 
more extensible.

Athletic training errors such as overtraining, 
excessive unilateral loading as with repetitious or 
high intensity kicking or throwing, or improper 
technique can exaggerate normal sacroiliac joint 
movements [34]. Overtime, unilateral muscle 
tightness or contractions at the lumbo-pelvic or 
hip regions can produce innominate rotation. For 
example, a tight rectus femoris could produce 
anterior-inferior anterior superior iliac spine rota-
tion, while a tight biceps femoris could produce 
posteroinferior rotation on the ischial tuberos-
ity [63]. Age-related changes on growth plates 
largely dictate if injuries in this region represent 
tendon insertional avulsions, fractures, or pri-
mary muscle strains.

Ideally, during hip flexion, the ipsilateral 
innominate bone rotates posteriorly and infe-
riorly moving the ischial tuberosity anteriorly 
and reducing hamstring strains. If however, the 
innominate is fixed in an anteriorly rotated posi-
tion, the ischium cannot move anteriorly as the 
hip flexes. This increases stress at the hamstring 
origin, particularly during the rapid accelera-
tion associated with sprinting and jumping [64]. 
Sacroiliac joint dysfunction has also been associ-

ated with piriformis spasm on the side of the pos-
teroinferior lateral angle, paravertebral spasm, 
and gluteal and hamstring muscle spasm [65]. 
Trunk and pelvic floor muscle activation can 
assist sacroiliac joint form closure. Muscle acti-
vation through the vertebral column and pelvis 
can also influence sacral positioning, potentially 
creating sacroiliac joint dysfunction through 
imbalanced activation or weakness.

The principle of reciprocal inhibition states 
that during agonist muscle activation, the antag-
onists do not behave passively, but are actively 
inhibited by central nervous system mechanisms 
[66]. This mechanism, long thought to be based 
in afference from muscles or tendons, can also 
be mediated by joint mechanoreceptors that may 
also inhibit or facilitate muscle tone. Failure 
to appreciate these arthrokinetic circuits may 
explain the difficulty in achieving neuromuscular 
re-education or strengthening goals during reha-
bilitation [67]. In association with this, taking a 
chronic hamstring strain injury as an example, 
having a tightened anterior hip joint capsule 
tends to facilitate iliopsoas muscle activation 
and stiffness while inhibiting gluteus maximus 
activation through the arthrokinetic reflex [68]. 
When this occurs, visible gluteal muscle wast-
ing may be observed. Since the gluteus maximus 
muscle is the primary hip extensor, its inhibition 
places undo loads on the hamstring muscles mak-
ing them more prone to injury [69].

Mobilizing the hip joint to decrease anterior 
capsuloligamentous tightness and stretching the 
iliopsoas muscle has been shown to significantly 
increase gluteus maximus strength [68]. Muscle 
weakness may therefore be influenced by the 
inhibition associated with underlying capsulo-
ligamentous joint hypo-mobility. With a tight 
anterior hip joint capsule and iliopsoas muscle, 
the gluteus maximus muscle gets inhibited each 
time the femoral head attempts to translate ante-
riorly against the tight anterior joint capsule/ilio-
psoas muscle. Increased anterior femoral head 
translation can alter mechanoreceptor activa-
tion patterns, reducing gluteus maximus muscle 
neural inhibition while also reciprocally inhibit-
ing  iliopsoas muscle activation [68]. Therefore, 
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the therapeutic role of mobilizing joints such 
as the hip or sacroiliac joints extends beyond 
normalizing osseous positioning to stimulat-
ing joint mechanoreceptors that are directly 
involved in an arthrokinetic reflex with the ham-
string muscle group [62, 70]. Faulty sacroiliac 
joint positioning can negatively influence joint 
capsule afferent output. Modified joint capsule 
afferent signals may also alter the activation of 
supporting transversus abdominis and multifi-
dus muscles [71]. With capsuloligamentous or 
musculotendinous restriction of normal joint 
movement, changes in mechanoreceptor signals 
to the central nervous system can lead to active 
weakening (or inhibition) of muscles whose 
action could take the joint beyond its restric-
tive barrier. Therefore, trying to strengthen a 
muscle that is being actively inhibited by the 
central nervous system may be counterproduc-
tive prior to using joint mobilization techniques 
to evaluate whether or not normal joint play has 
been re-established. In close accordance with the 
suggestions of Janda [72], Mahofsky et al. [67] 
proposed a clinical rule: “stretch what is tight 
and mobilize what is stiff prior to strengthen-
ing what is weak.” Joint mechanoreceptors can 
also be stimulated during tasks that maximize 
sensory input to the central nervous system, trig-
gering subconscious and automatic neuromus-
cular responses. Because subcortical regulating 
systems do not rely on conscious control, they 
are faster, and with appropriate training, the sta-
bilizing process can become more automatic or 
“second nature” [73].

Strength deficits may underline “at risk” 
movement behaviors or maladaptive compen-
satory movements. Hip muscle performance 
deficits in particular have been hypothesized 
to contribute more to increased knee loading 
[74]. Hip abductor weakness and valgus knee 
collapse during single-leg landing maneuvers 
is an example of this relationship [74]. Stearns 
et al. [75] described a prescriptive hip muscle 
training program that produced lower extrem-
ity biomechanical changes consistent with 
decreased ACL injury risk. In particular, after 
participating in a training regimen that focused 
on hip muscle strengthening, subjects landed 

with greater hip flexion and increased hip exten-
sor moments. Furthermore, they had decreased 
knee/hip moment ratios, suggesting greater use 
of a different strategy to decelerate the body’s 
center of mass during single-leg landings. The 
decreased knee/hip extensor moment ratio that 
was observed was primarily the result of an 
increase in the hip extensor moments as no sig-
nificant change in knee extensor moment was 
observed. During single-leg jump landings, sub-
jects displayed decreased average knee adductor 
moments, a trend toward decreased peak knee 
abduction, and improved sagittal and frontal 
plane lower extremity alignment. As the hip 
abductors function to control frontal plane lower 
extremity motion, it is plausible that improved 
frontal plane knee biomechanics may have been 
the direct result of the increased hip abduc-
tor strength that was observed post-training. 
These findings suggest that hip muscle strength 
as opposed to knee extensor strength may be 
responsible for mitigating biomechanical risk 
factors associated with ACL injury or re-injury 
risk [75].

9.6  Hip Surgery 
and Proprioception

There is no consensus regarding the level of 
proprioceptive impairment that occurs in asso-
ciation with hip surgical procedures such as 
internal fixation, labrum repair, and hip arthro-
plasty. More studies have focused on balance 
than isolated proprioceptive sense after hip 
surgery.

9.7  Proprioception After Hip 
Arthroplasty

Degenerative changes in the hip joint contribute 
to decreased mobility and significant movement 
disorders. As in the knee joint, arthroplasty is 
an effective treatment procedure in the man-
agement of degenerative arthritis [21]. In the 
literature, there are considerably more studies 
about proprioception post-knee arthroplasty 

J. Nyland et al.



119

than  post-hip arthroplasty. Mechanoreceptors 
and free nerve endings are known to exist at the 
hip joint capsule, ligaments around the hip joint, 
within the femoral head ligament, and in the 
labrum [21]. The greater volume of these tissues 
that are surgically resected, the more likely that 
proprioception will be impaired. However, nor-
malized coxofemoral mechanics with improved 
hip muscle strength following hip arthroplasty 
may improve the proprioceptive response [76, 
77]. Contrary to expectations, Ishii et al. [77] 
reported no proprioceptive response differences 
between patients with total hip arthroplasty, 
hemiarthroplasty, and healthy age-matched con-
trols group subjects. They emphasized that hip 
joint proprioception was controlled more by 
muscle, tendon, and ligament mechanoreceptors 
than by intracapsular structures following hip 
arthroplasty.

9.8  Proprioception After 
the Femoro-acetabular 
Impingement and Labrum 
Tear Surgery

Femoro-acetabular impingement (FAI) is charac-
terized by pain due to hip joint shape changes, 
with or without associated labral and/or chondral 
pathologies [78]. Additionally, no randomized, 
controlled study to date has evaluated the effects 
of differing FAI treatments on hip joint pro-
prioception. Although FAI is seen in young and 
middle-aged adults, there is a surprisingly lack 
of investigations regarding its potential influence 
on hip joint proprioception, particularly among 
patients who have undergone labral tear resec-
tion or repair. In a systematic review, Freke et al. 
[79] identified involved side dynamic single leg 
balance impairments among subjects with symp-
tomatic FAI compared to healthy control group 
subjects.

The increased pain and decreased hip muscle 
strength associated with FAI decreases patient 
quality of life [80]. Conservative rehabilitation 
programs should focus on improving hip function, 
by decreasing pain, and increasing hip muscle 
strength and proprioception [80, 81].

 Conclusion

The hip joint represents a region of high signifi-
cance to both surgeons and rehabilitation clini-
cians. Hip musculotendinous and 
capsuloligamentous tissues have a considerable 
influence on trunk, lumbo-pelvic, and compos-
ite lower extremity postures, movements and 
stabilization through neuromuscular control, 
and kinesthetic and noncontractile propriocep-
tive properties. Preservation of proprioceptive 
tissues during arthroscopic procedures and res-
toration of normalized pain-free range of 
motion, strength, and proprioception during 
rehabilitation are essential to optimal function, 
in addition to core region and composite lower 
extremity injury prevention.
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10.1  Knee Proprioception

The peripheral and central mechanisms underly-
ing proprioceptive control are still unclear. Knee 
proprioception derives from the integration of 
afferent signals from proprioceptive receptors in 
different structures of the knee and is also influ-
enced by signals from outside the knee (e.g. from 
the vestibular organs, visual system and cuta-
neous and proprioceptive receptors from other 
body parts) [1]. About the mechanoreceptors see 
Table 10.1.

These senses originate from the stimulation of 
specialized nerve endings or mechanoreceptors 
in the joint capsule and ligaments. Proprioceptors 
can convert the mechanical energy of physi-
cal deformation into the electrical energy of a 

nerve action potential and this action potential 
propagates to the higher centre for motor control 
[2]. Muscle spindles are thought to be the most 
important proprioceptive receptors of knee [1]. 
Reflex contraction of muscles by stimulation of 
proprioceptors protects joints from mechanical 
insults. Conscious contractions, in most cases, are 
too slow to prevent the injury, because their nerve 
paths are usually longer, therefore slower. Knee 
proprioception serves to protect against injurious 
movement and it is critical to the maintenance of 
joint stability [3]. It is also important for normal 
joint coordination during movement [4].

In the knee joint, the anterior cruciate ligament 
(ACL) may have up to 2.5% of neural elements 
consisting of Ruffini nerve endings, Golgi tendon 
organs and Pacinian corpuscles [13]. The poste-
rior cruciate ligament (PCL), collateral ligaments 
(medial and lateral) and menisci also contain 
similar proprioceptors [11]. Mechanoreceptors 
of the ACL and PCL carry information about 
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middle-range of knee joint, while mechanorecep-
tors of the joint capsule carry information about 
end of the range (full extension and full flexion of 
knee) to brain [14].

10.2  Proprioception 
and Patellofemoral Pain 
Syndrome

Knee joint proprioceptive deficit in patellofemo-
ral joint problems can develop in two ways: (i) 
abnormal tissue stress with motor control and (ii) 
inflammation process with pain. The reason for 
different results in literature can be explained via 
vast variety in patients’ findings (i.e. pain severity, 

pain duration) and difference among the devices 
and methods used in measurements. Factors, as 
many as oedema presence in knee joint, direction 
and degree of patellar situation disorder, applica-
tion of test, whether active or passive, can vary 
sense of joint position. Agreement on the stud-
ies in the literature can be observed on the idea 
for foundation of less error in joint position sense 
tests without application of any weight on the 
extremity than application of weight.

The link between patellofemoral pain (PFP) 
and proprioception deficit was first described as 
a result of research on histological analyses of 
the lateral retinacula of subjects with PFP [15]. 
The discovery of diffuse small nerve damage and 
neuromata within the retinaculum was thought 

Table 10.1 Mechanoreceptors, location, stimulation and afferent information

Mechanoreceptors Location Stimulation Afferent information

Muscle spindle 
(Ia, II)

Throughout muscle All muscle spindles are recruited at 
just 25% of maximum contraction, 
making them very sensitive to the 
stimulus [5]

Muscle tension or length of 
muscle fibres and the velocity 
of change in muscle 
displacement [6]

Golgi tendon 
organ (Ib)

Musculotendinous 
junction or within 
tendons

Golgi tendon organs may not fire 
during passive movement [7] and 
hence are thought of as purely 
active mechanoreceptors

Golgi tendon organs detect 
differences in tension and force 
but not length [7], dynamically 
responding to rapid increases in 
these two stimuli only. Golgi 
tendon organs have a protective 
mechanism near a joint’s 
extreme range of motion, when 
tension rapidly increases [8]

Pacinian 
corpuscle (II)

Capsule, ligaments, 
menisci, skin, fat pad

Pacinian corpuscles rapidly sense 
acceleration and deceleration and 
hence changes in movement, but 
not static or constant joint rotations 
[8]

Pacinian corpuscles detect the 
onset or termination of 
movement, but not constant 
joint displacement

Ruffini ending 
(II)

Capsule, ligaments, 
menisci, skin

Ruffini endings are found in the 
flexion side of the joint, hence the 
side that is stretched during 
extension [9]

Ruffini endings are most 
sensitive at maximum flexion 
and extension positions

Free nerve ending 
(Aδ/C)

Capsule, ligaments, 
menisci, skin

Free nerve ending is active when 
damage or injury occurs in the 
articular tissue [10]

Free nerve ending provides 
afferent information only once 
the joint is damaged via 
nociceptive sensory input [11]

Meissner’s 
corpuscles (Aβ)

Skin Meissner’s corpuscles are 
responsive to light touch and 
vibrations

These receptors are secondary 
or facilitating contributors to 
proprioceptive sense [12]

Merkel’s discs 
(Aβ)

Skin Merkel’s discs are stimulated by 
skin pressure and hence contribute 
to proprioception, when the skin is 
stretched [12]
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to originate from the tension and pressure of the 
malaligned patellofemoral joint; the resultant 
altered proprioceptive input may cause sudden 
patellar instability resulting in PFP. Additionally, 
chronic and atraumatic patellar malignment 
causes peripatellar plexus dysfunction and it can 
lead to the loss of proprioception in patients [15].

Sanchis-Alfonso et al. [15] suggested that 
peripatellar plexus doesn’t function properly in 
chronic patellofemoral pain syndrome due to 
dislocation of patella, which can be evaluated 
by means of proprioceptive tests. Researchers 
mentioned nerve damage and neuromata in peri-
patellar soft tissue and partly in lateral retinacu-
lum based on their histologic examinations. Also 
they claimed that changed proprioceptive sense 
may lead to instability resulting in patellar pain. 
Finally, the authors concluded that in addition to 
patellar taping that provides proprioceptive sense 
input, proprioceptive training is also required in 
rehabilitation programmes of patients with such 
findings [15].

Selfe et al. [16] analysed knee joint position 
sense of patients with patellofemoral pain at 20° 
and 60° in their study, which examines the effec-
tiveness of number of repetition, joint angle and 
test type for measurement of knee joint position 
sense. As a result, they implied that five-time 
repetition for active joint position sense measure-
ments and six-time repetition for passive joint 
position sense measurements are required. As 
knee joint position sense didn’t differ at 20° and 
60° but it differed in active and passive tests, the 
authors concluded that it is important whether 
active or passive test is performed for measure-
ment of joint position sense but not the angle of 
the joint [16].

Baker et al. [17] examined knee position sense 
of 20 patients with patellofemoral pain under 
weight-bearing and non-weight-bearing positions 
of extremity. The joint position sense test results 
under non-weight-bearing positions of both 
affected and asymptomatic extremity revealed 
that more errors occur at 60° than 20° of knee 
flexion to achieve tested knee flexion degrees. 
Patients also made errors achieving the tested 
knee flexion degree under weight-bearing posi-
tions of extremity but not much as it is under non-

weight-bearing positions. Authors emphasized 
that there is proprioceptive deficit in patients with 
PFPS compared to healthy people [17].

Hazneci et al. [18] compared 24 patients with 
patellofemoral pain with 24 healthy people in 
their study and showed that passive joint posi-
tion sense at 50° extension and 40° flexion dif-
fers between two groups. They also mentioned 
that 6-week isokinetic exercise training improves 
passive joint position sense. Authors emphasized 
that development of joint stability also effects 
development of proprioception. In addition, it 
was reported that dynamic factors, such as mus-
cle contraction during active movement, also gets 
involved in perception of joint position sense, 
therefore less error may produce, while repeating 
the determined degree.

Kramer et al. [19] evaluated the active joint 
position sense under 95% of body weight- bearing 
and non-weight-bearing positions of extremity at 
15°, 30°, 45° and 60° of knee flexion. No differ-
ence is found between the measurements of 24 
patients with patellofemoral pain and 24 healthy 
people. Akseki et al. [20] evaluated knee pro-
prioception at four different target angles (15°, 
30°, 45°, 60°) by using active joint position sense 
measurement method in 28 patients with clini-
cally diagnosed unilateral PFPS and 27 healthy 
controls. It was found that greater error occurs 
in pathologic knee compared to the opposite 
knee and both knees of control group at all target 
degrees. Authors indicated that knee joint pro-
prioception is reduced in patients with PFPS and 
similarly proprioception of healthy knee is also 
affected [20].

In one of their studies, Akseki et al. [21] 
evaluated utility of vibration as a proprioceptive 
measurement method in patellofemoral pain syn-
drome. Digital goniometer and 128 Hz frequency 
standard diapason is used to measure joint posi-
tion sense and vibration of 19 patients and 10 
healthy controls in the study. It was found that 
patients detect vibration after 7.2 ± 1.3 s in their 
symptomatic knees at extension position and 
after 9.1 ± 1.5 s in the opposite knee. Joint posi-
tion sense measurements have shown that pro-
prioception of symptomatic knee has gone worse 
in accordance with measurements of vibration 
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feeling duration. While applying 90° flexion 
measurement, no difference has been detected for 
feeling the vibration. Authors imply that vibra-
tion sense can be used in measurement of pro-
prioception [21].

One aspect of proprioception testing in PFP is 
the question of clinical relevance and deciding on 
the cut-off threshold for ‘good’ and ‘poor’ pro-
prioception [22]. Decided that if a subject was 5° 
or more away from their target angle of 45°, this 
person was declared as having poor propriocep-
tion. In an attempt to provide a more reasoned 
cut-off threshold, Chohan et al. (2014 unpub-
lished data) analysed data from their experiments 
and through a series of analyses found that differ-
ent thresholds or cut-off points should be applied 
to different target angles.

These studies assessed proprioception using 
active JPS in weight-bearing and non-weight- 
bearing positions. The results showing significant 
differences in proprioception status indicated 
that motor control and proprioception techniques 
should be considered as a treatment approach for 
PFP in addition to the existing biomechanical and 
physiological strategies. Yet it is unclear whether 
proprioception rehabilitation exercises can pre-
vent PFP. Furthermore, it has been noted in active 
and passive joint angle reproduction tests that not 
all patients with PFP have poor proprioception.

It is also known that there are some healthy 
subjects who have difficulty in accurately repro-
ducing active or passive joint angle [23]. This 
implies that there may be a subgroup of patients 
who have both PFP and poor proprioception [24] 
and whose causes and effects remain uncertain 
until prospective studies are undertaken. Equally 
there is a PFP subgroup who has normal proprio-
ception and therefore does not require any treat-
ment or intervention for proprioception training.

10.3  Proprioception and Anterior 
Cruciate Ligament Injury 
and Surgery

The anterior cruciate ligament (ACL) is the most 
commonly injured ligament and is one of the 
major ligaments providing mechanical stability 

of knee, controlling the anteroposterior transla-
tion and rotation movements, playing a key role 
in neuromuscular stability, since it is involved 
in the articular movement sensory feedback, 
thereby contributing to proprioception [25–27]. 
Proprioception includes afferent and efferent 
path of the somatosensory system controlling 
reflexes and muscle tone of muscles, tendons 
and articulations [27]. The efferent innervation 
is given by nerve fibres penetrating the cruciate 
ligaments and it is based in afferent mechanore-
ceptors located in peripheral joints, muscles and 
skin [28]. At the ACL, they represent between 1 
and 2% of the volume [26]. The ACL is affected 
in more than 50% of ligament injuries, and rup-
ture of the fibres of ligament can cause damage 
of mechanoreceptors present in the joint [29, 30].

After ACL rupture, knee proprioception deficit 
was displayed. The methods of assessing proprio-
ception in studies after ACL rupture vary. Joint 
Position Sense (JPS), Threshold to Detection of 
Passive Motion (TTDPM), balance, EMG muscle 
timing and delay of muscle contraction are used to 
assess proprioceptive level after ACL injury [31, 
32]. In turn, it is claimed that proprioceptive defi-
cits can adversely affect activity level [33], bal-
ance [34], restoring quadriceps strength [35] and 
increase the risk of further injury [36]. Although 
rehabilitation regimes are designed to address all 
these problems, evidence supporting such claims 
is not readily available as pointed out by Gokeler 
et al. [32]. Such a wide variation in assessment 
methods inevitably hinders arrival at a consensus 
of association between proprioception deficit and 
ACL injury. Nevertheless, even with the variety 
of assessment methods, studies have consistently 
showed proprioceptive deficits in the subjects 
with ACL deficiency. The increase in female par-
ticipation in sports that have a high risk of ACL 
injury has led some researchers to investigate the 
reasons why the incidence of ACL injury is at 
least four times greater in females [37]. Among 
the reasons cited is poorer neuromuscular control, 
which contributes to proprioception deficit. This 
has been termed ‘dynamic neuromuscular imbal-
ance’ and may consist of three parts [37]. The 
first is the tendency for females to be ligament 
dominant, which refers to the absence of muscle 
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control of mediolateral knee motion resulting in 
high valgus knee torques and high ground reac-
tion forces. The second imbalance is quadriceps 
dominance, in which sportswomen activate their 
knee extensors preferentially over their knee flex-
ors to stabilize their knee, which accentuates and 
perpetuates strength and recruitment imbalances 
between these muscles. The third is dominant 
leg dominance, which is the imbalance between 
muscular strength and recruitment on opposite 
limbs, with the non-dominant limb often having 
weaker and less coordinated hamstring muscles. 
In a similar scenario to PFP, an essential aspect is 
addressing the question of the clinical relevance 
of these findings. In other words, how much pro-
prioception deficit signifies poor proprioception? 
The recent systematic review [32] suggests that 
proprioception testing to date has, in general, only 
a low-to-moderate correlation with function after 
ACL injury.

Despite the well-accepted link between ACL 
rupture and instability, there are an approximately 
one-third of people who do not have recurrent 
instability when they perform sporting activity 
despite their ACL rupture [38]. One reason for 
their ability to ‘cope’ with the lack of ACL was 
proposed by Kapreli et al. [39]. These researchers 
considered the fact that the ACL contains mecha-
noreceptors, which inform the central nervous 
system about joint sense position and kinaesthesia 
and suggested that ACL injury might be regarded 
as a neurophysiological dysfunction, not being a 
simple musculoskeletal injury. Further evidence 
for this theory was gained using fMRI techniques 
of patients with ACL rupture, who were classi-
fied at either  ‘copers’ or ‘non-copers’.

10.4  Surgery of the Anterior 
Cruciate Ligament 
and Proprioception

Surgery of the anterior cruciate ligament (ACL) 
is among the most studied issues in the field of 
orthopaedics and sports physiology today [40]. 
This operation aims at restoring the function of 
the injured dysfunctional ACL and the stabili-
zation of the knee joint [41]. Various autografts 

and allografts have been used for ACL recon-
struction. Patellar tendon and hamstring tendon 
autografts are the most commonly preferred auto-
grafts. Various fixation techniques and materials 
are used for inserting the hamstring or patellar 
tendon grafts harvested from the injured knee as 
ACL. However, a gold standard is not available 
for graft selection and fixation techniques [42]. 
Efforts continue to find out the optimal graft of 
the operation technique.

The success of ACL reconstruction depends 
on both mechanic and neuromuscular stability 
of the knee. Neuromuscular stability certainly 
depends on achieving the proprioception of the 
knee. Nerve fibres in the proximal of ACL are 
activated when ligament deformation occurs 
and influences the motor activity of the muscles 
around the knee [43]. ACL’s ability to perform 
proprioception is directly proportional with 
the number of mechanoreceptors in ACL [41]. 
ACL injury leads to the injury or destruction 
of the mechanoreceptors [44]. Denti et al. have 
reported that number of mechanoreceptors grad-
ually decreases beginning from 3rd month after 
the injury and only a few free nerve ends remain 
after 9th month [44]. Biopsy examinations have 
revealed that free nerve ends disappear after 1 
year [44].

The critical question is whether ACL recon-
struction would provide an improvement in 
proprioception of the knee. Results of proprio-
ception studies are conflicting. While some stud-
ies have revealed that knee joint position is not 
restored after ACL reconstruction [42, 45–47], 
some others have reported an improvement [48]. 
One of the most important determinants is the 
time after reconstruction. While mechanic stabi-
lization of the graft may occur in a very short 
time,  ligamentization may take years. Hence, 
proprioceptive sufficiency-related performance 
would also be associated with the time after sur-
gery. The most important time for propriocep-
tive recovery is expected to be between 3 and 
6 months after surgery [28]. In ACL reconstruc-
tion, use of hamstring or patellar tendon graft or 
inserting the same graft using different surgical 
techniques do not influence proprioception loss 
in post- operative period [42, 48]. It should be 
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emphasized that none of the currently available 
proprioception tests can discriminate the pro-
prioception from mechanoreceptors on ACL 
and the proprioception from the soft tissues 
around the knee and joint capsule. Therefore, 
none of the tests can provide a certain opinion 
about the mechanoreceptors in ACL [49]. It is 
essential to evaluate the joint under dynamic 
conditions in order to understand the normal 
control pattern. Although it may be possible 
to provide mechanic stability through ACL, it 
should not be neglected that restoring neuromus-
cular stability completely would be a much more 
difficult process.

10.5  Meniscus 
and Proprioception

Functions of menisci could not be understood for 
long years. Although the most main functions 
of menisci have been known until the beginning 
of 2000s, how they are vital for the knee joint 
has been overlooked. Radical procedures which 
are performed to remove menisci completely or 
incompletely have been performed frequently 
when a traumatic or degenerative tear occurs 
in menisci. However, cartilage degenerations 
developing much faster in cartilage tissues of 
the knee joint after surgery in vast majority of 
the patients whose menisci have been surgically 
removed has led to understand the important 
and indispensable role of menisci for func-
tional movements of the knee. That tibiofibular 
osteoarthritis risk increases independently from 
the tear type and meniscus region included in 
surgery in subjects whose meniscus has been 
removed although partial has been shown with 
long-term studies [50]. Today, meniscus is 
accepted to be a very important structure for 
functional sufficiency of the knee joint. The 
role of menisci during sportive and functional 
activities should be known well to better under-
stand this importance. The most important role 
of menisci arises when compression load occurs 
on the joint during functional activities. Menisci 
reduce the load when transferring to the bones 
through absorbing the load as they are located 

within the joint just like a cushion. Therefore, 
they prevent the injury of the cartilages in joint 
surfaces of femoral and tibial joints. They are 
also seen to be placed to reduce the incompat-
ibility between femur and tibia bones. They 
prevent joint cartilage degeneration through 
equally distributing the load beside shock-
absorbing effect when there is a load on the 
joint [51]. The amount of load transferred over 
menisci is known to vary depending on flexion, 
rotation angle and translation amount of tibia. 
Menisci facilitate to distribute joint fluid equally 
onto all joint surfaces and enable to increase the 
lifespan of the cartilage through contributing to 
joint nourishment [51, 52]. The main functional 
stability of the knee is known to be provided 
by strong ligaments like anterior and posterior 
cruciate ligaments and internal and external lat-
eral ligaments. Torn ligaments lead to signifi-
cant dysfunction of the knee [53–56]; however, 
critical location of menisci between femur and 
tibia has great importance for providing func-
tional stabilization of the knee. Although a tear 
in meniscus usually leads to pain and function 
loss, no symptoms may develop when degenera-
tion or tear occurs.

The influence of menisci on proprioception 
is not a focused issue. However, even the close 
association of particularly medial meniscus 
and joint capsule where mechanoreceptors are 
intense is enough to suggest the close relation-
ship with proprioception. While mechanore-
ceptors in medial meniscus are located in outer 
rim which has a connection with joint capsule, 
number of mechanoreceptors is small in lateral 
meniscus where a connection with joint capsule 
is not present [57, 58]. Therefore, particularly 
medial meniscus injury may lead to propriocep-
tion loss in knee joint. A study conducted with 
105 osteoarthritis patients in order to investigate 
the  relationship between reduced proprioception 
and medial meniscus injury also verifies this pos-
sibility. While the threshold for detection of knee 
joint movement has been found to be related with 
the number and magnitude of injured regions on 
medial meniscus, it was not found to be related 
with muscle power, joint laxity, pain, age, gender 
and body mass index [59]. Similarly, a study con-
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ducted with 23  subjects with meniscus abnormal-
ity has shown that proprioception which is tested 
with knee angle reproduction capability signifi-
cantly reduces in subjects with medial meniscus 
injury compared to healthy controls [10]. These 
studies clearly indicate the importance of menis-
cus tissue with regard to proprioception besides 
its many other important functions.

Arthroscopic repair, menisectomy and 
meniscus implants are frequently performed 
for reducing tissue loss-related symptoms aris-
ing from meniscus injury. However, applica-
tion and philosophy of these operations largely 
vary. Arthroscopic meniscus repair seems as 
a more advantageous operation with regard to 
proprioception as it aims at keeping the maxi-
mum possible meniscus tissue within the joint. 
Partial menisectomy is the excision of the torn 
meniscus tissue and thereby it has the likeli-
hood of reducing mechanoreceptor number. 
Limited number of studies conducted with the 
patients who underwent these operations verify 
the influenced proprioception. A reduction was 
reported in the control of the operated knee 
muscles and in proprioception even 1–2 years 
after partial menisectomy [60]. Similarly, a 
study conducted with 50 patients with partial 
menisectomy injury has revealed that the lack 
in single leg postural stability scores continues 
after menisectomy despite the absence of an 
impairment in clinical outcomes [61]. Isolated 
proprioception tests conducted in arthroscopic 
partial menisectomy have revealed similar 
results. A significant reduction develops in 
angle reproduction performance at 60° and 75° 
of flexion in operated knee compared to healthy 
controls [62].

Meniscus transplantation is a surgery type 
which has increased in treatment of meniscus 
abnormalities in recent years; however, it has 
not become widespread due to complications. 
Allograft meniscus implant has shown to reveal 
positive effects on position sense of the knee 
independently from pain and functional perfor-
mance. The results of this study suggest that 
although no significant improvement of pain 
and functionality of the operated knee occurred 
at this short-term follow-up period, a meniscal 

allograft transplantation seems to have a signif-
icant positive effect on the joint position sense 
of the previously meniscectomized knee [63]. 
However, further scientific evidence is needed to 
indicate how successfully meniscus implants can 
improve proprioception, function and symptoms 
of the knee in meniscus injury.

10.6  Proprioception and Knee 
Rehabilitation Approaches

Under the present heading, the effects of the 
rehabilitation approaches such as taping, brace 
and exercises on knee proprioceptive sense for 
patellofemoral pain syndrome, ACL injury/
surgery and meniscal injury/surgery have been 
discussed.

10.6.1  Effects of Taping on Knee 
Proprioceptive Sense 
in Rehabilitation

Taping is commonly used for knee problems, 
especially for PFPS, partly after ACL injury/sur-
gery, and other knee ligament injuries. Aims of 
taping are: to decrease the oedema, to support the 
soft tissue around the knee joint and to improve 
proprioceptive input. Consequently, there have 
been a number of studies, which have focused on 
taping’s role in proprioception enhancement.

10.6.1.1  Taping for Patellofemoral 
Pain Syndrome

Patellar taping is a simple and cost-effective 
technique introduced in the mid-1980s to alle-
viate the symptoms of patellofemoral pain syn-
drome (PFPS) or anterior knee pain [64]. Since 
then, several reviews have confirmed the efficacy 
of the technique, yet all have concluded that the 
mechanism, by which this efficacy is achieved, is 
open for debate [65–67]. The effect of taping or 
bandages on the position and congruence of the 
patellofemoral joint are uncertain. Some results 
suggest that rather than physically repositioning 
the joint, there may be other more subtle sen-
sory mechanisms at work through skin, tendon 
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and muscle stimulation that may account for the 
improvement of a joint position sense (JPS) task 
and for the success of patellar taping. All pro-
prioception studies so far have measured vari-
ables along the efferent and afferent pathways 
or have assessed the final outcome of skeletal 
muscle activation and joint movement with tech-
niques such as JPS.

An improvement in JPS with the application 
of patellar taping has been shown with asymp-
tomatic, healthy people and symptomatic subjects 
with patellofemoral pain syndrome (PFPS) [23, 
24]. However, it seems that the improvement is 
not uniform, with some people benefiting more 
than others. Initial results of a study on healthy 
subjects showed that patellar taping in the form 
of a simple strip of tape applied across the patella 
and anterior knee did not significantly change the 
JPS of 56 healthy subjects. Using a threshold of 
5° from the target angle of 45°, those with ‘good’ 
proprioception (less than 5° from the target angle) 
derived little improvement in their ability to be 
closer to the target angle. On the other hand, those 
with ‘poor’ proprioception (5° or more from the 
target angle) were significantly closer as a result 
of the tape intervention [23]. These findings may 
occur because people with good JPS could not be 
‘improved’ any further, whereas the tape would 
have its greatest ‘treatment effect’ on those with 
poor JPS, who could be improved more.

A later study was conducted on subjects 
with clinically diagnosed PFPS [24]. Here 
the researchers found that taping significantly 
improved JPS in these subjects, when similar 
thresholds were applied. These results confirmed 
that sub-classification of PFPS patients in the 
domain of proprioception is a consideration, 
when applying treatment. There appeared to be 
some PFPS patients with poorer JPS proprio-
ceptive status than others and treatment of these 
patients may be more appropriately applied, if 
they could be easily identified and appropriately 
categorized. There was the intriguing possibility 
that the subgroup helped by tape is comprised of 
patients with neural damage within the lateral 
retinaculum or nerve sensitization due to pain. 

A three-way comparison of malalignment, pro-
prioception and histological findings would be an 
intricate but useful area of further research.

Why does taping improve proprioception as 
measured by JPS? A possible explanation may 
be either in chemical sensitizing of small and 
large diameter nerve fibres, as a response to pain 
[68] or microscopic small nerve damage in the 
lateral retinaculum [69–71]. The application of 
some form of knee support is thought to augment 
afferent input via the enhancement of cutaneous 
stimulation [72].

These results suggest that taping has a subtle, 
non-mechanical effect on the knee by affecting 
the areas of brain concerned with coordination, 
decision-making and motor control. In order to 
provide proof of these subtle mechanisms, func-
tional magnetic resonance imaging (fMRI) pro-
vided an opportunity to examine brain activity in 
areas associated with proprioception, coordina-
tion and motor control [73]. fMRI uses the blood 
oxygenation level-dependent (BOLD) contrast 
technique, which reflects the loss of oxygen from 
haemoglobin causing its iron to become paramag-
netic. When a task is performed, there is conse-
quent neuronal activity and an increase in oxygen 
usage. These changes are followed within a few 
seconds by a larger fractional increase in blood 
flow and an increase in blood volume, resulting in 
a decrease in the amount of deoxygenated blood 
present. It is this change that the BOLD contrast 
technique detects. The fMRI technique has been 
used to show that a simple non-weight-bearing 
JPS task of knee extension and flexion increases 
brain activation in the cerebellum and decreases 
activation in the supplementary motor cortex.

Tape applied across the patellar without any 
intended patellar displacement or realignment 
during the same task causes primary  sensorimotor 
and supplementary motor cortices to have signifi-
cantly increased bilateral activity whereas the pri-
mary sensorimotor cortex has decreased activity.

Kinesiotaping can be applied at 50–85% ten-
sions on the skin to restrict partial or full joint 
motion, but the taping tension was insufficient 
to correct the patellar alignment. The effects 
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of Kinesiotape in patients with patellofemoral 
pain are still unclear [74]. Studies showed that 
Kinesiotaping can relive pain in patients with 
patellofemoral pain [75, 76]. The results of sev-
eral studies showed that Kinesio- and McConnell 
taping can reduce pain in patients with patel-
lofemoral pain [74–81] and they speculate that 
Kinesio- and/or McConnell taping should stimu-
late cutaneous mechanoreceptors and improve 
knee proprioception [78, 79]. Kinesiotaping is 
effective in controlling patellar tracking through 
increased muscle force sense and that might be 
the mechanism of pain relief in PFPS patients. 
McConnell taping to correct patellar alignment 
also cause pain relief in PFPS patients [77, 81].

10.6.1.2  Taping for ACL Injury/Surgery
A few studies focused on the effects of 
Kinesiotaping after ACL reconstruction, while 
there is no study for ACL injury. All studies 
showed no significant difference in the reduction 
of swelling or improvement of knee score and total 
range of motion except the pain relief [82–85]. 
Engrossingly, there is no study in the literature to 
investigate the effects of the taping on propriocep-
tion in patients with ACL injured/reconstructed.

10.6.1.3  Taping for Meniscal Injury/
Surgery

There is unique study to investigate the effects of 
the patellar taping on during a slow step descent 
task in patients with meniscal lesions [86] while 
the present study did not assess the propriocep-
tion of knee.

10.6.2  Effects of Bracing on Knee 
Proprioceptive Sense 
in Rehabilitation

Braces are commonly used for chronic problems 
such as PFPS and after traumatic ACL and other 
ligament injuries. Although one of the aims of 
bracing is to provide mechanical  stability to the 
joint, there has been speculation that proprio-
ception enhancement also plays a role in the 

positive effects seen in military recruits [87]. 
Consequently, there have been a number of stud-
ies, which have focused on bracing’s role in pro-
prioception enhancement. Although there is a 
myriad of brace designs, JPS has been assessed 
in the knee by applying a sleeve type brace, often 
made of neoprene. In terms of proprioception, 
there is no consensus that one brace is better than 
another. It is possible therefore that, in terms 
of effecting JPS, an expensive brace is no more 
efficacious than an inexpensive one or even the 
simple elasticated bandages.

10.6.2.1  Bracing for Patellofemoral 
Pain Syndrome

Studies on healthy subjects have shown that 
a neoprene sleeve brace and similar styles of 
braces can improve knee proprioception using 
a variety of tests [88–90]. Other types of braces 
specially designed for the patellar can also com-
pensate for JPS impairment brought on by a 
fatigued state after exercise in healthy subjects 
[91]. Interestingly, like Callaghan et al. [23] these 
researchers also applied the criterion of a cut-off 
to distinguish between good and poor proprio-
ception; those who had ‘poor’ proprioception 
had a greater enhancement of their JPS, when 
they wore a brace compared to those who had 
‘good’ proprioception. In a similar experiment 
to that done with patella taping, fMRI has also 
been used to assess the effects of a neoprene knee 
sleeve brace on centres of the brain [92]. Using 
the BOLD technique this study showed that dif-
ferent proprioceptive inputs to the knee joint by 
the neoprene brace had a direct influence on brain 
activity during knee movement. An increased 
level of brain activation was seen with the appli-
cation of a brace and sleeve, respectively, com-
pared to the condition, when no brace or sleeve 
was present at the knee. However, as the move-
ments of the knee were active movements from 
0° to 90° of knee flexion rather than angle active 
reproduction to assess JPS, the true effect on JPS 
and therefore proprioception is unknown.
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10.6.2.2  Bracing for ACL Injury/
Surgery

After ACL injury/surgery and/or during rehabili-
tation, some clinicians prefer to use functional 
knee braces. Rigid shell or sleeve braces can 
provide mechanical stabilization and propriocep-
tive input. Elastic knee braces increase postural 
control by approximately 22% in patients with 
ACL rupture, while there is no difference in pos-
tural stability between uninjured and injured legs 
in the braced condition [93]. As known, braces 
help to improve proprioceptive sense and pos-
tural control in patients with ACL injury. Sleeve 
braces help to improve dynamic balance after 
perturbation and dynamic lower limb peak rate of 
force development compared to the non-braced 
condition [92]. Authors indicated that the effects 
might be caused by the flexible area of support 
and the incorporated mechanisms to address pro-
prioceptive aspects.

In light of the new studies, there is no doubt 
about that braces do not protect against post- 
operative injury, decrease pain, improve range of 
knee motion or improve knee stability in patient 
with ACL reconstruction [94].

10.6.2.3  Bracing for Meniscal Injury/
Surgery

After arthroscopic meniscectomy (especially 
partial), risk of knee osteoarthritis development 
increases because of increased medial com-
partment loading. Knee valgus braces should 
be used to support the medial side of the knee 
during forward lunge and one-leg rise condi-
tion, which increased peak knee flexion [95]. 
After arthroscopic isolated meniscus repair, 
hinged braces should be used to control knee 
range of motion during the activities and exer-
cises. Conservatively, after arthroscopic isolated 
meniscus repair, hinged brace use with a gradual 
increase ROM to 90° and only touch weight 
bearing during the 6 weeks [96].
It is unfortunate that we have to inform, there is 
no study to investigate the effects of bracing on 
proprioceptive sense in patients with meniscal 
lesions/surgery in the literature.

10.6.3  Effects of Exercises on Knee 
Proprioceptive Sense 
in Rehabilitation

Exercise is commonly used for treatment of mus-
culoskeletal problems. Aims of exercises are: to 
increase the muscle strength and endurance, to 
provide high functional performance, to improve 
mechanical stability and/or control and to provide 
proprioceptive input. Consequently, there have 
only been a limited number of studies, which 
have focused on exercises role in proprioception 
enhancement.

10.6.3.1  Effects of Exercise on Knee 
Proprioceptive Sense in 
Patellofemoral Pain 
Syndrome

Exercises for patients with patellofemoral pain 
syndrome are effective, regardless of the type 
of exercise (e.g. in weight bearing or not; tar-
geting hip or knee). In 2016, International 
Patellofemoral Pain Research Retreat published 
their recommendation for patellofemoral pain 
syndrome treatment [97]. They estipulated that: 
(1) Exercise is recommended to reduce pain in 
short, medium and long term and improve func-
tion in medium and long term. (2) Combining 
hip and knee exercises is recommended to 
reduce pain and improve function in short, 
medium and long term, and this combination 
should be used in preference to knee exercises 
alone.

Although it is known that muscle strength is 
highly correlated with the joint position sense 
[98], there are a few studies to investigate the 
effects of the exercise therapy on the joint posi-
tion sense in patients with patellofemoral pain 
syndrome. For instance, Guney et al. showed 
that quadriceps eccentric strength is correlated 
more to joint position sense than concentric 
strength. JPS results are poorer on the painful 
knee, when compared to uninvolved side. While 
eccentric strength correlated with both JPS tar-
get angles, concentric strength is correlated only 
with 20°.
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In light of our literature research, there are 
only two studies to investigate the effects of the 
exercises therapy on the knee joint position sense 
[18, 99]. Hazneci et al. investigate the effects of 
isokinetic exercise on knee joint position sense 
and muscle strength [18]. Isokinetic exercise 
protocol was carried out at angular velocities of 
60°/s and 180°/s three times per week during the 
6 weeks. Passive knee joint position sense, quad-
riceps and hamstring muscle strength and pain 
assessments were collected. After the isokinetic 
exercise therapy, passive reproduction of knee 
joint position sense for 40° of flexion and 50° 
of extension, in addition to flexion peak torque, 
extension peak torque, flexion total work, exten-
sion total work and pain score, has improved 
significantly in the patellofemoral pain syn-
drome group. Authors concluded that isokinetic 
exercises have positive effects on passive posi-
tion sense of knee joints, increasing the muscu-
lar strength and work capacity. These findings 
show that using the present isokinetic exercise 
in rehabilitation protocols of patients with patel-
lofemoral pain syndrome not only improves the 
knee joint stabilization but also the propriocep-
tive acuity [18]. Balci et al. [99] investigated 
the effects of two different closed kinetic chain 
exercises in patients with patellofemoral pain 
syndrome. Forty female patients with unilateral 
PFPS were randomly divided into two groups, to 
receive exercises with the hip internally rotated or 
externally rotated with the use of the Monitored 
Rehab Functional Squat (MRFS) System. The 
duration of exercises was 4 weeks with a total of 
20 sessions. Both groups were evaluated before 
exercises therapy, after 4 weeks of exercises and 
after 6 weeks of home exercise programme with 
the MRFS System for muscle strength and pro-
prioception, with a visual analogue scale for pain 
and with the Kujala questionnaire for functional 
assessment. Their results showed that concentric 
proprioceptive deficit improved significantly in 
both groups after treatment. Eccentric proprio-
ceptive deficit, however, did not change signifi-
cantly both after treatment and home exercises. 
Authors emphasized that functional knee squat 

exercises with internally and externally rotated 
hip positions provide similar improvements in 
muscle strength and proprioception in patients 
with patellofemoral pain syndrome [99].

10.6.3.2  Effects of Exercise on Knee 
Proprioceptive Sense in ACL 
Injury/Surgery

Exercises after ACL rupture or ACL surgery 
(reconstruction/repair) are effective and critical 
part of the rehabilitation programme. Pinczewski 
et al. [100] reported that one in four patients 
undergoing an ACL reconstruction will suffer a 
second tear within 10 years of their first. Paterno 
et al. [101] also reported that an incidence rate of 
a second ACL injury within 2 years after return-
ing to sports was six times greater than healthy. 
Paterno et al. also demonstrated deficits in mus-
cular strength, kinaesthetic sense, balance, and 
force attenuation for 6 months to 2 years follow-
ing reconstruction [101]. Taking into account all 
of these, efficient exercise programme should 
take lead to return to sports, safely and suc-
cessfully. As known, anterior cruciate ligament 
(ACL) rupture and surgery leads to a propriocep-
tive deficit and therefore joint position sense [102, 
103]. Efficient exercises, which improve knee 
proprioception, make its way into rehabilitation 
programme and return to sports. Proprioceptive 
exercises should take place from early phases of 
the rehabilitation programme and to further dur-
ing all steps of rehabilitation. There are a lot of 
studies to investigate the effects of exercises on 
balance in patients with ACL injury/reconstruc-
tion, while this chapter and the book focus on 
only proprioceptive sense. Therefore, we will not 
mention those studies which focus on balance, in 
this chapter.

Friemert et al. [104] compared the effects of 
continuous active motion and continuous passive 
motion on knee joint position sense before and 
after ACL surgery. Significantly better results 
were, however, obtained in the continuous active 
motion group. During the first post-operative 
week, a continuous active motion exercise pro-
duced a significantly greater reduction in the 
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proprioceptive deficit. Authors emphasized that 
active exercises should be the first choice in 
immediately post-operative rehabilitation after 
ACL replacement [104].

Cooper et al. investigated the effect of proprio-
ceptive and balance exercises on people with an 
injured or reconstructed anterior cruciate liga-
ment. Authors received some evidence regarding 
that proprioceptive and balance exercises improve 
outcomes. Improvements have been found in joint 
position sense and proprioception, in addition to 
muscle strength, knee functions and hop test [24].

Ordahan et al. [105] evaluated knee proprio-
ception in patients with anterior cruciate ligament 
(ACL) injuries and to assess the effectiveness 
of an exercise programme consisting mainly 
of proprioception exercises addressing pain, 
proprioception and functional status following 
ACL reconstruction. A significant improvement 
in pain severity, proprioception and functional 
capacity after the post-operative 6-month reha-
bilitation programme with intensive propriocep-
tive exercises was shown. Authors’ emphasized 
rehabilitation programme predominantly consist-
ing of proprioception exercises provided consid-
erable improvement on knee proprioception and 
functional status [105].

Cho et al. examined the effect of closed 
kinetic chain exercises performed by an unstable 
exercise group and a stable exercise group on the 
knee joint proprioception and functional scores 
of patients, who underwent anterior cruciate 
ligament reconstruction [106]. A 60-min exer-
cise programme, three times a week for 6 weeks 
was performed in both groups. The results of the 

clinical evaluation at 45° proprioception showed 
statistically significant differences between the 
two groups. The results of the clinical evalua-
tion at 15° proprioception showed no statistically 
significant differences between the two groups. 
The proprioception and functional scores of 
the patients in the unstable exercise group, who 
underwent ACL reconstruction, were superior to 
those in the stable exercises group.

10.6.3.3  Effects of Exercise on Knee 
Proprioceptive Sense  
in Meniscus Injury/Surgery

The partial meniscectomy and/or meniscal repair 
leads to proprioceptive knee deficits in a short 
period after the arthroscopic procedure [107], 
however, to our knowledge, there is no study to 
focus on the effect of the exercises on knee pro-
prioception in patients with meniscus lesion and/
or undergo surgery such as meniscectomy or par-
tial meniscal repair.

 Conclusion

Large prospective longitudinal studies are 
needed to evaluate therapeutic interventions 
designed to improve proprioception in the 
knee joint. Rehabilitation programme pre-
dominantly consisting of proprioceptive 
 exercises, plyometrics, strengthening, func-
tional full body exercises such as Tai Chi-
yoga-pilates etc., weight-bearing exercises, 
neuromuscular training, and sports- specific 
exercises provided considerable improvement 
on knee proprioception and functional status 
(see Figs. 10.1 and 10.2).
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Fig. 10.1 Examples for functional proprioceptive exercises for patients with knee lesions
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Fig. 10.1 (continued)
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Fig. 10.1 (continued)
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11.1  Introduction

Ankle injuries are among the most common 
sports-related injuries. Lateral ankle sprains 
constitute the vast majority of these injuries, 
estimated at approximately two million injuries 
per year [1]. This constitutes nearly 20% of all 
sports injuries. Studies have shown that 10–40% 
of these acute injuries may eventually progress to 
chronic ankle instability (CAI) [2–4].

The underlying cause of the progression to 
CAI still remains controversial. Mechanical 
effects induced by ligamentous laxity are believed 
to be one factor. However, several patients with 
torn ligaments have been shown to have a sta-
ble ankle joint and vice versa, patients without 
clearly increased laxity can have CAI [5]. This 
phenomenon is referred as functional instability.

Patients with functional instability are thought 
to have impaired neuromuscular control of ankle 

joint caused by damaged receptors and soft 
 tissues during initial trauma [6–8]. Since the 
ankle–foot complex is the only part of the body 
contacting the ground in most activities, this may 
hamper the total body balance ability.

Especially for high competitive levels in 
sports, superior balance ability is essential. To 
control balance, central nervous system inte-
grates data from visual, vestibular, and proprio-
ceptive systems and produces efferent commands 
to all muscle groups. However, especially dur-
ing contact sports visual pathway is preoccupied 
with visual inputs from the environment, which 
causes the proprioceptive information to be more 
important.

Ankle proprioception can be influenced by 
training, fatigue, and ankle injuries [9, 10]. There 
are systems that can be used to measure ankle 
proprioception before and after injury or surgi-
cal trauma; joint position sense, peroneal reaction 
time, EMG evaluation of peroneal muscles, and 
balance tests are some of them. These balance 
tests can be static (single leg stance) or dynamic 
(single leg hop test).

There are still some questions that need an 
answer. Which are the exact anatomical struc-
tures that are responsible for proprioception? 
What happens to proprioception after injury or 
surgery? How is the balance maintained after 
 surgery? What kind of intervention is useful to 
improve proprioception?
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Muscle spindles are considered to be the pri-
mary proprioceptors of the foot and ankle com-
plex. The muscles around the ankle joint act as 
two groups. The extrinsic group is primarily 
responsible for detection of foot orientation rela-
tive to the body and the intrinsic muscle group 
sends information about the feet relative position 
to earth. Muscle spindles are known to be primar-
ily responsible for this phenomenon, but exact 
mechanism still needs to be investigated.

Two anatomical structures around the foot 
and ankle have importance in terms of proprio-
ception. One is the superior and inferior extensor 
ankle retinaculum. Vesalio described that ankle 
retinacula are simply pulleys preserving tendons 
close to bony structures [11]. However, in histo-
logical studies, Viladot in 1984 [12] and Pisani 
in 2004 [13] showed that the retinacula are more 
than just a mechanical stabilizer. Stecco et al. also 
showed that their histological features resemble 
network of receptors rather than a pulley [14]. It 
is also suggested that the peroneal retinaculum is 
stretched during inversion maneuver, thus induc-
ing peroneal stretch reflex [14].

The lateral ankle ligament complex is the 
second important anatomical structure for pro-
prioceptive function. Freeman stated that injured 
lateral ligament complex and capsule causes de-
afferentiation due to damaged mechanoreceptors 
[15]. More recent studies have shown that indi-

viduals with CAI have depressed levels of alpha 
motor neuron activity in quadriceps and ham-
string muscles [16, 17]. However, more studies 
are needed to understand exact anatomical struc-
tures responsible for proprioception and how 
they work as one unit.

Surgical versus nonsurgical treatment for 
acute lateral ankle ligament sprain is still contro-
versial. Surgery is more favorable than nonsurgi-
cal treatment in terms of return to sports, pain, 
and functional instability according to Kerkhoffs 
et al. [3]. After surgery, the ankle should be 
immobilized using a soft ankle brace for no 
more than 2 weeks. Normal range of motion and 
strength exercises should be started to restore nor-
mal ankle motion within 2 days after the surgery 
(Fig. 11.1). Endurance training using treadmill, 
sports-specific drills, and balance improving on 
a balance board should be started at 2–3 weeks 
after surgery [3, 17, 18] (Fig. 11.2).

Functional treatment includes a short period 
of immobilization followed by an early active 
range of motion exercises and early weight 
bearing (Fig. 11.3). However, there are only 
few studies reporting that early functional reha-
bilitation is superior to immobilization after 
ankle surgery. Karlsson et al. showed earlier 
return to sports when patients began an early 
ankle range of motion exercises as compared 
with those who were treated with 6 weeks of 

Fig. 11.1 Normal range 
of motion and strength 
exercises should be 
started to restore normal 
ankle motion within 
2 days after the surgery
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cast immobilization after surgery for chronic 
ankle instability [19].

The aim of functional rehabilitation is to pre-
pare the patient for return to the pre-injury level 
of activity/sports as quickly as possible without 
affecting the surgical and functional outcome. 
Functional rehabilitation and sports-specific 
activity programs should include well-designed 
exercises that stress the tendons, ligaments, and 
muscles of the ankle. It should be born in mind 
that functional exercises should be individualized 
according to the specific needs of the patient.

Functional rehabilitation is a criterion- 
oriented program, which aims to improve range 
of motion, strength, proprioception, and sports- 
specific activities. During the first and second 
weeks after ankle surgery, rest and immobiliza-
tion are important in order to reduce swelling and 
pain. However, patients should be encouraged 
to perform activities of daily living and weight- 
bearing as soon as possible. Unloading and 
immobilization have been shown to be deleteri-
ous to the healing of articular cartilage [19, 20]. 
At the end of functional rehabilitation, eccentric 
training should be started.

Eccentric training could be performed after 
a period of concentric exercises without pain. 
Eccentric exercises are always easier for patients 
who have pain while performing concentric exer-
cises. Moreover, it has been stated that eccen-
tric training creates greater force due to the 
“decreased rate of cross-bridge muscle detach-
ments.” It is possible to generate more muscle 
force for forceful activities with eccentric than 
concentric training [21].

Eccentric training for the calf muscles and 
ankle joint was first described in 1998 in the treat-
ment of patients with Achilles tendinopathies. 
The treatment model with heavy-load eccentric 
calf muscle training had a good short- term effect 
on athletes [18].

Proprioception is another issue to be dis-
cussed. It is the sensory feedback that contributes 
to muscle sense, total posture, and joint stability. 
Proprioceptors are located within the muscles, 
tendons, ligaments, and other soft tissues in the 
body. They are sensors, which relay informa-
tion to the brain about joint position, pressure, 
and muscle stretch. The proprioceptors of the 
ankle joint can be affected after ankle injury. 

Fig. 11.2 Balance training could be started at 2–3 weeks 
after surgery

Fig. 11.3 Functional treatment has been developed mainly 
for nonsurgical treatment of ankle ligament injuries. It 
includes a short period of immobilization followed by an 
early active range of motion exercise and early 
weight-bearing
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Proprioceptive deficits can predispose to both 
acute and chronic injury [22].

Strong proprioceptive sense allows for neu-
romuscular control of dynamic actions contrib-
uting to overall joint stability. Maintenance and 
improvements in neuromuscular control through 
proprioceptive training contribute greatly to 
increasing ankle stability. The proprioception 
can be improved by using functional and pro-
prioceptive exercises. Isolated proprioceptive 
exercises are composed of three parts: proprio-
ception of joints, balance capacity, and neuro-
muscular control [23].

Proprioceptive exercise programs vary in 
methodology, including duration, intensity, and 
protocols, but they all have effect on decreased 
reoccurrence of ankle sprains, increased mus-
cular response time, and proprioception. With 
proprioceptive training, patients pass from the 
cognitive to the associative phase of learning. 
After months or years, they pass to the autono-
mous learning phase [24].

Clinicians have commonly used propriocep-
tive training as a part of their rehabilitation pro-
tocols. Progression of the proprioceptive training 
should be non-weight-bearing to weight-bearing 
(with/without external load), static to dynamic 
(such as running, lateral movements, back-
ward movements, jumping, cutting, twisting, 
and pivoting), from slow speed to faster speed 
with balance and control, from two legs to one 
leg, and with visual control to no visual control 
(Fig. 11.4).

Wester et al. showed a 12-week propriocep-
tive training program that can improve the ankle 
joint position sense, while Riemann et al. did not 
find any significant improvement after a 4-week 
with proprioceptive training program [25, 26]. 
On the other hand, the effectiveness of 4–8 weeks 
of wobble board training on postural control and 
perceived stability has been well documented, 
and residual symptoms following ankle sprains 
can be reduced by a 12-week wobble board train-
ing program [27]. Potential explanations for these 
discrepancies might be the setting of the training 
programs (intensity, duration, and frequency) or 
the assessment techniques.

Several studies in terms of changes in proprio-
ception after ankle injury and surgery are present 
in the literature [28]. Although Vries et al. sug-
gested that there is no difference in static balance 
tests in patients with chronic ankle injury (CAI) 
acute trauma and healthy controls, many studies 
have shown that after an acute inversion trauma 
and in CAI proprioceptive control is decreased 
[6, 7, 29–31]. After ankle stabilization surgery Li 
et al. studied postural sway [11]. They concluded 
that postural control is increased in patients oper-
ated with a modified Broström technique after 
6 months of surgery.

Halasi studied joint position sense in patients 
with chronic ankle instability surgery [28]. After 
treatment using the Karlsson’s surgical technique 
there was a significant improvement in joint position 
sense in ten patients. Kynsburg et al. studied joint 
position sense after nonsurgical treatment of chronic 
ankle instability [32]. They concluded that physical 
therapy is an effective way of treating patients with 
CAI and increases joint position sense.

Fig. 11.4 Balance and control, two legs to one leg, and 
with visual or no visual control
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Physical therapists use active and passive 
interventions to improve proprioception and 
balance after injury. Taping, bracing, compres-
sion, and insoles are commonly studied passive 
intervention methods (Fig. 11.5). Most evidence 
shows that passive methods are mainly ineffec-
tive except insoles [33]. Studies in soccer play-
ers have shown positive effects. They probably 
increase perception capacity in the central ner-
vous system (CNS) by creating an increased 
essential noise [34]. Since the time is too short 
to increase the number of mechanoreceptors, the 
CNS is probably learning faster to provide bal-
ance. Another issue is whether training should 
cover only the injured side or the non-injured as 
well? Some evidence shows that motor skills are 
transferrable between the hemispheres, indicat-
ing that only training uninjured side can also be 
beneficial [35].

 Conclusion

Ankle proprioception plays an essential role in 
balance control. Proprioception is negatively 
affected in patients after an acute inversion 
trauma and in CAI. Although the exact mecha-
nisms and anatomical structures responsible 
are unknown, surgery, insoles, and active inter-
vention methods such as physical therapy 
appear to increase the proprioceptive control. 
Thus, rehabilitation programs should include 
proprioceptive training, balance, strengthening 

exercises, functional movement, and endur-
ance training after ankle surgery. Balance, 
functional exercises, and coordination training 
should continue to be an integral part of reha-
bilitation protocols.
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Proprioception After 
the Arthroplasty

Hande Guney-Deniz and Michael Callaghan

12.1  Proprioception

Proprioception is defined as the ability to be aware 
of the conscious and unconscious level of the body 
parts and its positions and movements in space. 
Proprioception connects the stimuli derived from 
somatosensory, vestibular, and visual systems to 
regulate periarticular muscle activity, which pro-
vides joint stabilization by the central nervous sys-
tem [1, 2]. The ability to sense motion, speed, and 
direction is defined as “kinesthesia” and is consid-
ered a part of the proprioceptive system. In other 
words, kinesthesia is a conscious awareness of 
joint position and movement with proprioceptive 
stimulation reaching the central nervous system 
[1, 2]. Another major component of propriocep-
tion is “joint position sense,” which can be exam-
ined by active or passive reproduction  testing of 

a limb or joint without visual or vestibular input. 
A commonly used method is for subjects to move 
their extremity to the target angle, and then return 
to the neutral position before asking them to rec-
reate the angle [3].

The somatosensory and sensorimotor systems 
are responsible for the harmonious and smooth 
movement of body parts and the proprioceptive 
sense controls the rhythmic organization of these 
two systems. Therefore, the proprioceptive sys-
tem is considered as a preventive mechanism for 
the musculoskeletal injuries [4, 5].

12.2  Proprioception 
and Mechanoreceptors

Mechanoreceptors are specialized sensory recep-
tors, which are responsible for converting stimuli 
into sensory impulses. These impulses are then 
interpreted by the central nervous system (CNS) 
to generate a response that regulates muscle tone 
and coordination [4–6]. The CNS incorporates 
the visual and vestibular inputs with the sensory 
impulses to produce the sense of position, kines-
thesia, and coordinated movement [4].

The primary proprioceptive receptors are 
defined as length sensing muscle spindles in skel-
etal muscle, stretch receptors in the joint capsule, 
and Golgi tendon organs (GTOs) in tendons and 
ligaments. Those located in the deep skin and 
facial layers are considered to be supplementary 
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receptors [5, 7]. The muscle spindles are able to 
provide afferent information across the entire 
range of motion, while the cutaneous and joint 
receptors are stimulated mainly at the end ranges 
of the joint movement [1, 8]. Tension-sensitive 
GTOs located in the tendinous segment of mus-
cles provide afferent feedback when a muscle 
contraction causes tension on the tendon. As a 
protective mechanism, GTOs cause contraction 
of the antagonist muscle and facilitate the relax-
ation of the agonist muscle [1, 5, 7, 8].

The operative approach for implantation of 
a total joint arthroplasty or hemi-arthroplasty 
includes the cutting and subsequent repair of the 
muscles and usually releasing and sacrificing of 
ligaments, menisci, capsule, and other soft tissues 
around the joint which directly provide the pro-
prioceptive input. Therefore, arthroplasty itself is 
likely to deteriorate proprioceptive sense [7, 9].

12.3  Proprioception and Balance 
and Falling

An integration of proprioceptive, visual, and ves-
tibular inputs is required to maintain balance. 
Aging plays a certain role in decreased proprio-
ceptive sense as well as impairments in vestibular 
and visual inputs, resulting in an overall reduc-
tion in sensory input required for balance [9–11]. 
It has been showed that impairment of just one 
of these three inputs does not directly affect bal-
ance as the other two are able to compensate for 
the other. However, disturbance of more than one 
input of the three is likely to adversely affect the 
balance in the elderly population [12].

Postural control is defined as achieving or 
restoring a state of balance during any posture or 
activity and is directly associated with balance. 
Anticipatory postural adjustments (APA) and 
compensatory postural adjustments (CPA) are the 
main mechanisms to retain postural control and 
balance. The muscle mass decreases up to 20–40% 
with aging [13, 14], resulting in a loss in postural 
musculature strength and impairment of postural 
control. In the elderly, the delay of the APA results 
with increase in CPA, suggesting decreased pos-
tural control and increased risk of falling [13, 14].

Depending on aging, joint replacement surgery 
is considered a permanent solution for degenerative 
joints, which are anatomically deformed, painful, 
and unable to execute motor and functional activi-
ties. Consequently, in the elderly, lower extremity 
joint replacement surgery might negatively affect a 
patient’s balance by disrupting the natural proprio-
ceptive system of the joint. Therefore, it is impor-
tant to determine the risk factors of falling before 
the surgery due to the positive correlation between 
the preoperative risk factors and postoperative fall-
ing rate [15].

12.4  Proprioception After Knee 
Arthroplasty

Late stage knee osteoarthritis is the main cause of 
knee pain and functional limitations during daily 
activities and also is a primary reason for hav-
ing total knee arthroplasty (TKA). The soft tissue 
adaptations during aging and long-term impaired 
kinematics affect proprioception in patients with 
knee arthritis [16]. Both dynamic and static sta-
bilizers can be impaired with aging, which con-
tribute to proprioceptive and functional damage. 
Combination of these morphological and biome-
chanical changes with knee arthroplasty might 
have an adverse effect on proprioceptive sensa-
tion [17, 18]. On the other hand, it is stated that 
tissues around the knee that remain after TKA 
contribute to proprioception and that the influ-
ence of proper gap balancing during the surgical 
procedure plays a large role in preserving pro-
prioception and may influence patient outcomes 
after TKA [19].

Intraoperative MRI studies showed that ante-
rior cruciate ligament is intact in 60% of osteo-
arthritis patients who are scheduled for knee 
arthroplasty [20]. Knee arthroplasty procedures 
other than TKA, such as uni-compartmental 
replacement, usually preserve the anterior or 
posterior cruciate ligaments. Retaining the ante-
rior cruciate ligament in the knee arthroplasty is 
as critical as the posterior cruciate ligament. It is 
well known that the anterior cruciate ligament 
carries direct proprioceptive sensation to the cen-
tral nervous system [21].
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The importance of the surgical procedure 
itself in maintaining proprioception cannot be 
overstated. Numerous papers have assessed 
certain factors regarding the surgical procedure 
and their effect on postoperative proprioception 
(Table 12.1).

Another surgical factor is the presence of 
bilateral knee OA. Performing bilateral TKA 
may be beneficial to balance. One study found 
improved balance after the postoperative period. 
The authors interpreted that the position of the 
center of gravity became more centralized in 

Table 12.1 Alterations in proprioception after total knee arthroplasty

Paper
Operation and no. of 
patients Procedure

Main outcome 
measure Results

Barrett et al. 
(1991) [22]

Unilateral TKA, 
n = 45 OA knees, 
n = 21 
replacements, 
n = 81 healthy 
controls

Semi-constrained 
(n = 10), hinged 
joint replacement 
(n = 11)

JPS Patients with semi- 
constrained TKA showed 
more improvement in 
proprioception than those 
with hinge replacements

Warren et al. 
(1993) [23]

Unilateral TKA, 
n = 40

PCL retaining 
(n = 20), PCL 
substituting (n = 20)

JPS PCL retained TKA had 
better JPS results compared 
to sacrificed PCL

Simmons et al. 
[16]

Unilateral TKA, 
n = 28, UKA, 
n = 10

ACL and PCL 
retained in UKA
ACL substituted 
and PCL retained 
(n = 15) and ACL 
and PCL substituted 
(n = 13) in TKA

Kinesthesia 
(threshold of 
perception)
JPS

No difference in kinesthesia 
and JPS among any of the 
three groups
Maintaining the ACL and 
PCL did not reveal improved 
proprioception in UKA nor 
did maintaining the PCL 
reveal improved 
proprioception in TKA

Cash et al. (1996) 
[24]

Unilateral TKA, 
n = 60

PCL retaining 
n = 30,
PCL substituting 
n = 30

Threshold of 
perception

No differences between 
groups in proprioception

Ishii et al. (1997) 
[25]

Unilateral TKA, 
n = 55 knees

Semi-constrained,
With and without; 
PCL retention, 
patellar resurfacing, 
cement for fixation

JPS No difference among all the 
arthroplasty groups

Fuchs and 
Thorwesten 
(1999) [26]

Unilateral TKA, 
n = 28, 25 healthy 
controls

Non-constrained, 
PCL retaining

JPS Significant proprioceptive 
deficit both in the operated 
and non-operated extremity, 
particularly marked at 60° of 
knee flexion

Swanik et al. 
(2004) [27]

Unilateral TKA, 
n = 20

PCL retaining 
(n = 10)
Posterior stabilized 
prosthesis (n = 10)

Kinesthesia
JPS
Balance

Posterior stabilized 
prosthesis reproduced more 
accurate JPS when the knee 
was extended from a flexed 
position
No significant improvement 
detected between groups 
when preoperative and 
postoperative 6th months 
results were compared

Bathis et al. 
(2005) [28]

Unilateral TKA 
n = 50

Surgical approach; 
midvastus versus 
parapatellar

JPS Midvastus approach had 
better JPS results compared 
to parapatellar approach

(continued)
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those with bilateral TKAs, whereas in the uni-
lateral TKA group it remained on the operative 
extremity [33].

The critical time for proprioceptive loss in 
the early postoperative period is described as 
6 weeks. It has been suggested that this time 
may be a transition point between proprioceptive 
loss and early adaptations to new, learned motor 
patterns. It has been recommended that postop-
erative rehabilitation protocols include motor 
re-learning principles in an attempt to train the 
patient to recognize a new pattern of knee load 
distribution [34].

12.5  Proprioception After Hip 
Arthroplasty

As in the knee joint, degenerative changes 
in the hip are related to decreased mobility 
and impairments in the daily living. Total hip 
arthroplasty (THA) is a gold standard operative 

 technique for pain relief and improving func-
tional  capacity [35].

The hip joint receives the proprioceptive inputs 
from the Pacini, Ruffini, and Golgi corpuscles 
around joint capsule, ligaments, and labrum [36]. 
Ishii et al. showed no decrease in the joint proprio-
ception between THA patients and hemi-arthro-
plasty and control groups despite capsulotomy 
being performed in all patients. The authors sug-
gested that factors like tension receptors in the 
adjacent tendons and muscles might have greater 
effects than the capsular component on hip pro-
prioception [37]. Karanjia et al. reported that in 
THA patients with capsulotomy, there were mini-
mal influences on passive hip joint position sense. 
They specified that the velocity of the passive 
movement during testing was the major compo-
nent for the joint position detection [38].

All the previous findings indicated that 
 proprioceptive sense does not only depend on 
capsular receptors but also depends on afferents 
in muscles, tendons, and ligaments.

Table 12.1 (continued)

Paper
Operation and no. of 
patients Procedure

Main outcome 
measure Results

Isaac et al. 
(2007) [29]

Unilateral TKA (n = 17) and UKA (17) JPS
Postural sway

Improvement in JPS was 
similar in both groups 
between preoperatively and 
at 6th months 
postoperatively
Postural sway improvement 
was found better in UKA 
compared to TKA
Dynamic aspects of 
proprioception improve 
more after UKA than TKA

Gauchard et al. 
[30]

Unilateral TKA, n = 10, controls, n = 20 Sensory 
organization test 
with 
posturography

No significant difference 
between controls and 
patients at 6th week after 
surgery

Vandekerckhove 
et al. (2015) [31]

Unilateral TKA, 
n = 45

PCL substituting 
(n = 27)
PCL retaining 
(n = 18)

Balance and 
postural control

Retaining the PCL in TKA 
does not result in an 
improved proprioception

Baumann et al. 
(2016) [32]

Unilateral 
arthroplasty, n = 60

Bicruciate-retaining 
knee arthroplasty,
UKA,
Posterior stabilized 
total knee 
arthroplasty

Single leg 
balance testing

Superior static balance 
ability after preservation of 
both cruciate ligaments in 
arthroplasty of the knee, 
indicating superior 
proprioceptive function
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Studies also showed proprioceptive sense did 
not decrease after surgery, although, the joint 
capsule and the mechanoreceptors were sacri-
ficed during the arthroplasty. A possible explana-
tion for this improvement is that improved joint 
biomechanics allow for a better proprioceptive 
response. Also, it is suggested that muscle recep-
tors are the prominent determinants of joint posi-
tion sense and the capsular receptors might play 
a secondary role [39].

Different surgery procedures such as total hip 
arthroplasty and hemi-arthroplasty have no influ-
ence on hip joint proprioception [37], suggesting 
that joint and bone receptors play a smaller role 
than the periarticular tendon receptors [37, 40]. 
On the other hand, a decrease of receptor activ-
ity was reported in patients with THA at 1 week 
postoperatively with a significant increase in pro-
prioception after 40 days [41].

12.6  Proprioception and Ankle 
Arthroplasty

Proprioception and maintaining the balance are 
important topics for improvement of the func-
tional outcomes after total ankle arthroplasty 
[42]. Several studies investigated proprioceptive 
sense differences after total ankle arthroplasty. 
Conti et al. [43] evaluated joint position sense 
in 13 total ankle arthroplasty patients in a 2-year 
follow-up study and demonstrated that there 
were no differences in proprioception between a 
total ankle arthroplasty and the unaffected side. 
Lee et al. [44] compared static and dynamic 
postural balance in patients with unilateral total 
ankle arthroplasty and age-matched controls. 
They detected a higher degree of dynamic pos-
tural imbalance in patients and concluded that 
these changes might be due to the damaged pro-
prioceptive receptors caused by capsular exci-
sion, weakness of ankle plantar flexors, restricted 
range of motion, and altered weight bearing.

In general, joint arthroplasty in the lower 
extremity is a successful procedure that signifi-
cantly relieves the pain associated with end-stage 
osteoarthritis. The alleviating of pain following 
surgery is associated with functional  improvement. 

Improvement in proprioceptive sense is one the 
major aims for maintaining the balance and func-
tion after lower extremity arthroplasty. In general, 
patients following total hip and knee arthroplasty 
exhibit better unilateral proprioception and bal-
ance in comparison with total ankle arthroplasty 
patients. It may be beneficial to include a rigorous 
proprioception and balance- training program in 
total ankle arthroplasty patients to optimize func-
tional outcomes [45].

12.7  Proprioception and Shoulder 
Arthroplasty

Chronic rotator cuff deficiency, degenerative dis-
ease, previous trauma, or surgery may lead to gle-
nohumeral osteoarthritis which is associated with 
pain and loss of range of motion in the shoulder 
joint. Shoulder arthroplasty is a frequently used 
treatment modality in glenohumeral osteoarthri-
tis and may enhance the shoulder function [35, 
46, 47].

The perception of joint position and motion 
in the shoulder is essential for the placement 
of the hand in upper limb function. A feedback 
mechanism exists for control of shoulder muscu-
lar action, which serves as a protective mecha-
nism against excessive strain in the capsule and 
ligamentous structures. Patients with shoulder 
problems, especially with end-stage osteoarthri-
tis, have a loss of cartilage and mechanorecep-
tors, joint laxity, and significant inflammation 
resulting in reduced proprioception. On the other 
hand, the cutting (and subsequent repair) of the 
subscapularis muscle and release of all gleno-
humeral ligaments during shoulder arthroplasty 
surgery may contribute to proprioceptive deficits 
[46, 47].

There are a few studies, which investigated 
changes in proprioception after total shoulder 
arthroplasty. In one study, a passive and guided 
angle reproduction test was performed in 20 
patients with shoulder osteoarthritis before and 
6 months after total shoulder arthroplasty. The 
authors reported significant improvements in the 
joint position sense and perception of movement 
at the 6th month postoperatively [46]. Conversely, 
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another study found no difference in propriocep-
tion at 6 months after surgery [47]. Authors also 
indicated that active joint reproduction did not 
change with different types of shoulder arthro-
plasty such as total shoulder arthroplasty, hemi- 
arthroplasty, and reverse shoulder arthroplasty 
[47]. In addition, Maier et al. found no differences 
in a shoulder active angle reproduction test in 
total shoulder arthroplasty and hemi- arthroplasty 
6 months and 3 years after surgery. The authors 
also indicated that the postoperative deteriora-
tion of proprioception was more distinctive in 
hemi-arthroplasty than in total arthroplasty group 
[47]. These results implied that arthroplasty in 
the shoulder joint might adversely affect shoulder 
proprioception and this was mainly associated 
with the surgical approach that contained dissec-
tion of the subscapularis muscle and the glenohu-
meral ligaments. In order to be able to reduce the 
negative impacts on postoperative proprioceptive 
sense, further studies are needed on the effective-
ness of preoperative and postoperative proprio-
ceptive exercises after shoulder arthroplasty.

12.8  Proprioception and Elbow 
Arthroplasty

Total elbow arthroplasty is a reliable surgical 
option for patients with painful arthritis, segmental 
and comminuted distal humeral fractures [48, 49]. 
Arthroplasty in the elbow joint is traumatic sur-
gery and the soft tissue damage is significant. The 
triceps is reflected along with the forearm fascia. 
Both flexor and extensor origins are released from 
the epicondyles. Collateral ligaments are also 
released, and the capsule is excised. This means 
that significant damage to the main tissue sources 
of proprioceptive afferents, including skin, cap-
sule, muscle, and tendon, can be expected.

In one study, proprioception in the total elbow 
arthroplasty patients was found significantly infe-
rior compared with the contralateral side and with 
healthy controls. The authors interpreted these 
results that the extensive surgery damaged the tis-
sues that were the main sources of  proprioceptive 
input (skin, muscle, tendon, capsule, and liga-

ments). The role of proprioception in patients’ 
disability and elbow stability after total elbow 
arthroplasty is still unknown and caution is sug-
gested when using an approach on the extensor 
aspect, preservation of muscle attachment when 
possible, and avoidance of large elevation of skin 
flaps from over the muscle [49].

12.9  Development 
of Proprioception After 
Arthroplasty

The primary aim of the rehabilitation is to 
restore functional outcomes while protect-
ing the mechanical stability of the arthroplasty. 
Therefore, proprioceptive exercises and balance 
must be included in rehabilitation programs 
especially before and after surgery for functional 
recovery. These exercises should be designed to 
stimulate the neuromotor programming, which 
leads to increased proprioceptive afferent input 
to the central nervous system. By this way, the 
stimulus- response-recognition circuits, which 
are already compromised by the pathology and 
surgery, would be activated, and improve func-
tional stability [50].

It is commonplace to prescribe several sessions 
of physiotherapy in an attempt to maintain range 
of motion and prevent postoperative arthrofibro-
sis. Rehabilitation in the immediate and early 
(3–6 months) postoperative periods results in a 
measurable improvement in motor coordination 
in especially lower limb arthroplasty [30, 51]. 
As mentioned before, proprioceptive loss can be 
seen in the early postoperative period; therefore, 
it is recommended to begin proprioceptive exer-
cises as soon as possible [9, 47]. The postopera-
tive rehabilitation protocols should include motor 
re-learning principles in an attempt to train the 
body to recognize the new pattern of joint load 
distributions.

In addition, the preoperative training programs 
on proprioception has also been recommended 
and was found to result in improved balance and 
gait speed after lower limb arthroplasty, as well 
as subjective function scores [19].
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12.10  Strategies for Maintaining or 
Improving Proprioception 
After Arthroplasty

12.10.1  Strengthening Exercises

As the main proprioceptive receptors are 
located in the muscles, the muscle strength-
ening is essential for the improvement of pro-
prioceptive sense before and after surgery. It is 
reported that hip muscle strength is the most 
important factor for maintaining the postural 
control and balance in patients with lower limb 
arthroplasty [52]. It is well known that gluteus 
medius weakness is disturbing the postural 
control [52, 53]. It is found that, the quick stair 
climbing and single leg stance is strongly cor-
related with the strength of the quadriceps and 
hip abductor muscles in total knee arthroplasty 
patients [52–54].

Strengthening of the muscles before and in 
the early period after surgery would improve 
joint stability, mobility, and postural control. In 
this manner, isometric strengthening, range of 
motion exercises, and core stability exercises can 
be applied to the patients with arthroplasty.

12.10.2  Closed and Open Kinetic 
Chain Exercises

Closed kinetic chain (CKC) exercises are the form 
of exercises in which the distal portion of the 
extremity is fixed and remains in constant contact 
with the ground. CKC exercises result in decreased 
shear forces, increased joint stability, increased 
proprioceptive inputs, and enhanced dynamic 
stability. Therefore after surgery, CKC exercises 
can be easily and securely applicable. The open 
kinetic chain (OKC) exercises can be applied after 
CKC exercises in the postoperative period because 
CKC exercises are proposed to be safer than the 
OKC exercises. Both OKC and CKC exercises can 
be performed as aquatic  exercises, when gradual 
weight bearing can be introduced, resistance exer-
cises gradually progressed, and proprioceptive 
tasks practiced [55, 56].

12.10.3  Passive and Active Joint 
Repositioning

Joint positioning exercises, when performed 
at the end rage of joint motion would stimulate 
motor programming from conscious to uncon-
scious levels [1]. On the other hand, passive 
repositioning would stimulate mechanoreceptors 
around joint capsule and ligaments, while active 
repositioning relies on input from both articular 
and muscle receptors [1, 7, 38].

12.10.4  Proprioceptive 
Neuromuscular Facilitation 
(PNF)

PNF techniques are designed to improve the neu-
romuscular response by stimulating the stretch 
receptors in the musculo-tendinous unit [57]. 
Rhythmic stabilization (RS) is one of the form 
of PNF techniques that stimulates the articular 
and muscular mechanoreceptors resulting with 
the improvement of dynamic joint stabilization. 
RS exercises can be performed in the functional 
position of each joint as well as in OKC with 
manual perturbations or assistance or in CKC 
with the use of Swiss balls, wobble boards, 
Bosu balls, or other unstable surfaces [57].

12.10.5  Aquatherapy

Aquatherapy is widely used in the rehabilitation 
of total joint replacement and is an effective way 
to reduce pain, to improve range of motion, and 
to strengthen muscles. The buoyancy of the water 
allows assisted, active, and resisted exercises 
while hydrostatic pressure supports and stabilizes 
the joints, allowing patients to perform exercises 
without a fear of falling, decreasing pain and 
improving cardiovascular functions. In addition, 
tactile stimulation from the turbulence generated 
during movements provides feedback that sup-
ports the proprioceptive inputs and maintains the 
balance [58, 59].
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12.10.6  Balance Training 
and Proprioception

It is well known that in the lower limb arthro-
plasty patients a possible reason of balance defi-
cit would be the loss of proprioception [53, 60]. 
Therefore, the rehabilitation programs should 
include weight bearing and balance exercises 
[61]. Balance training, including static stabiliza-
tion of stance (such as foam activity) and dynamic 
stabilization of stance (such as tilt board activity 
or an ankle platform system), activates the hip 
and ankle proprioceptors and may help improve 
a patient’s proprioception, balance, and postural 
control strategies [53]. Side steps, tandem walk, 
cross-over steps, stepping over obstacle, slope 
ascend and descend, and stair climbing exercises 
should also be incorporated into balance exer-
cises [53, 62].

Recently, virtual reality and video game sys-
tems are commonly implemented in rehabilita-
tion programs. The balance board included in 
these gaming systems is similar in concept to a 
force plate. This board measures and interprets 
the pressure distribution of weight applied by 
the user and provides feedback on exercises 
performed. Thus, these kinds of systems are 
potentially acceptable as an adjunct to rehabili-
tation programs following arthroplasty surgery. 
Provided the game is carefully chosen by a 
knowledgeable physiotherapist, it should simu-
late the desired activities to encourage lower 
extremity movement, challenge balance, and 
require the patient to remain in a standing posi-
tion during the game. The preliminary research 
findings are quite promising although further 
research is required to establish the effects on 
proprioception after arthroplasties [63, 64].

 Conclusion

Documenting the alterations in proprioceptive 
sense after arthroplasty is important for 
improving postural control, joint position, and 
smooth movement. However, there are contro-
versies on the effects of different type of 
arthroplasty and surgical procedures on pro-
prioception as well as the appropriate pre- and 
postoperative rehabilitation protocols. Further 

research is required to establish the effects of 
both surgical techniques and different rehabili-
tation protocols on proprioception and func-
tional outcomes after arthroplasty surgery.
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Return to Sports 
and Proprioception

Hayri Baran Yosmaoglu and Emel Sonmezer

13.1  Introduction

The return to sport is one of the most important 
phase in the rehabilitation of sports injuries. Many 
protocols and guides have been published on when 
it should take place after the various sports inju-
ries. When examining the return criteria to sports 
contained in these guides, it is seen that the return 
to sport is associated with many factors. The type 
of injury, injury severity, the level of sport, and the 
intrinsic and extrinsic risk factors that will cause 
reinjury are some of them [1]. Besides, psycho-
logical, ethical, social, and legal factors other than 
injury that may affect the return to sport may need 
to be considered. When all these factors are taken 
into account, the difficulty of establishing a stan-
dard model based on scientific evidence, covering 
all injuries and sports is obvious. Nevertheless, 
various models and algorithms have been defined 
that can guide the decision to return to sport based 
on evidence [1, 2].

“How much is the effect of the sense of pro-
prioception on the decision to return to sport?” In 
order to be able to answer this question correctly, 

the components of the decision to return to sport 
must be well analyzed. In this section, the factors 
effecting to return to sport following sports injury 
and the place of proprioception in return to sport 
and its effect on reinjury were examined in detail.

13.2  Evidence-Based Decision 
of Return to Sport

The return to sport, which is one of the main parts 
of the rehabilitation program after sports injuries, 
is one of the most important phases in terms of 
restoration of sportive performance. This phase 
of rehabilitation consists mainly of a variety of 
exercises based on strength, endurance, flex-
ibility, agility, and restoration of reaction time. 
However, the sport-specific requirements that 
need to be improved are different for every ath-
lete and injury. Therefore, the rehabilitation 
program needs to be designed and implemented 
individually. Perhaps the most critical decision 
on the return to sport is the timing of the return 
after injury. Timing is crucial to the risk of rein-
jury; therefore, efforts have been made to estab-
lish standards based on evidence to help ensuring 
that the decision to return to sport is given cor-
rectly [2]. It is defined that there are three basic 
evidence-based steps of the decision of the return 
to sport. These are: Evaluation of health status, 
participation risk, and decision modification [2].
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The first step, evaluation of health status, is 
to assess whether the patient’s general health sta-
tus has reached the normal state before injury. 
Undoubtedly, the key factor that affects the deci-
sion in this step is tissue damage and the cor-
rect assessment of how well the injured tissue 
healed. However, it is of utmost importance that 
what extent the improvement in the measured 
tissue damage in this period or the decrease of 
symptoms affect the athlete’s functional ability. 
Therefore, evaluation of improvement performed 
at this stage contains the subjective outcome 
measures and functional tests to be performed in 
clinics or field. The second step is the evaluation 
of participation risk. What should be assessed 
at this stage is to analyze how much the specific 
requirements of the sport are met by the athlete. 
For example, the sport-specific requirements and 
sport-related expectations of a football player 
and swimmer with an anterior cruciate ligament 
injury are different. This difference can even be 
observed in players playing in different positions 
in the same sport. For example, the risk of partici-
pating in a sport following upper extremity injury 
may be different for a goalkeeper and midfielder. 
Similar differences are also affected by factors 
such as competition level and effectiveness of 
the use of protective equipment [2]. Therefore, 
it is a very important advantage that the clinician 
has a good understanding of the athlete’s special 
position for that sport and knowledge of the sport 
features. The third stage that affects the decision 
to return to sports is decision modifiers. These 
are external factors that are usually independent 
of the medical condition of the athlete resulting 
from injury. The situations such as the condition 
of the contract of the athlete, expectation from his 
career, the occurrence timing of the injury (inside 
or outside the season), and pressure of a coach 
or manager are the basic examples for the fac-
tors that modifies decision for the return to sport. 
Sometimes these factors can be much more effec-
tive than it is predicted. For example, an athlete 
who has come to the end of his/her career and 
is perhaps on the brink of losing his/her biggest 
contract can take considerably bigger risk.

13.3  The Role of Proprioception 
in the Return to Sport

The requirements for high level sportive activity 
are defined as strength, power, endurance, flex-
ibility, balance, proprioception, speed, and agility 
[3]. As it is seen, proprioception is defined as a 
requirement for top-class sporting performance. 
However, although proprioception is the primary 
criteria for the decision to return to sport, it is 
not usually tested as isolated in practical applica-
tions. There are two reasons for this: First, there 
is no gold standard in the tests used to measure 
proprioceptive performance. It is not possible to 
suggest that the joint position sense and kinesthe-
sia tests frequently used in scientific studies are 
isolated and precise measurement of the proprio-
ceptive sensation [4]. Furthermore, even conflict-
ing results have been reported in joint position 
sensation and kinesthesia tests performed after 
injuries leading to loss of proprioceptors, such as 
tearing anterior cruciate ligament [5]. The second 
possible reason is that these tests require specific 
clinical or laboratory conditions and equipment 
that the environmental conditions are well con-
trolled. This makes proprioceptive tests difficult 
to use widely in clinical decision to the return 
of sport.

Instead, the tests conducted at the first step 
of the decision to return to the sport usually 
consist of performance tests that measure basic 
functions [4]. For example, one of the most fre-
quent functional tests following knee injury is 
the functional hop test. It was shown that the 
painless score of this test was one of the lower 
extremity performance indicators and espe-
cially correlated with the quadriceps muscle 
strength [6]. Similarly, functional performance 
tests based on muscular, endurance, flexibility, 
and agility are frequently applied when a deci-
sion to return to sport is given but propriocep-
tion is not measured isolated during this period. 
However, what should not be overlooked at this 
point is that not performing proprioception tests 
in the decision of return to sport does not mean 
proprioceptive sense is completely ignored. 
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Stability and balance-related tests that can be 
applied when a decision to return to sport is 
given has proprioceptive components as well [7]. 
Because, proprioception is one of the important 
factors required for successful ensuring of pos-
tural stabilization, neuromuscular control, and 
functional movement [8]. Long-term analyses of 
active athletes show that the application of exer-
cise programs with integrated proprioceptive 
approaches to the training program has improved 
sportive performance parameters and reduced 
the incidence of injuries by up to 400% [9].

13.4  Proprioceptive Tests 
and Exercises in Return 
to Sport

The disturbances in kinematic components of the 
functional movements can be seen after lower 
extremity ligament injuries. These disorders also 
increase the risk of reinjury during sports and 
limit the achievement of optimal performance 
[10–14]. Testing all of the factors while decid-
ing to return to sport following the lower extrem-
ity ligament injuries is the most important step 
that can be taken to reduce the risk of reinjury. 
It has been reported that testing of the joint posi-
tion sense or kinesthesia would be beneficial 
in reducing the risk of injury [4, 15]. Although 
there is no consensus on a reliable method to 
objectively determine the proprioception [4], 
direct proprioceptive tests can be used to mea-
sure proprioceptive deficits resulting from injury 
during the return to sport. Active reproduction 
and threshold to detection of passive movement 
are the tests directly used for the proprioception 
and is most commonly used to determine joint 
position sense after injury. Electrogoniometers or 
isokinetic measuring devices are used for these 
tests to be valid and reliable [16, 17]. The impair-
ments of the kinesthesia and active reproduction 
test scores are expected after various ligament 
injuries. Studies have revealed that knee joint 
position sense is not restored after ACL injuries 
[18, 19] and reconstruction [20–23].

Similarly, study conducted with meniscus 
abnormality has shown that knee angle reproduc-
tion capability significantly reduces in subjects 
with medial meniscus injury compared to healthy 
controls [24]. Therefore, although joint position 
tests are not included in the standard criteria of 
the return to sport, they may be useful for the 
decision to return to sport safely after ligament 
injuries and surgery [25].

Another evaluation method that can be used 
in relation to proprioceptive sense in the return 
to sport is postural stability tests. Since the 
proprioception is closely related to postural 
control, functional stability and balance tests 
may be used as a predictor of return to sport 
safely. Modified Star Excursion Balance Test 
(SEBT), one of the most frequently used tests, 
measures not only the dynamic stability and 
neuromuscular control [26–28] but also lower 
limb strength, coordination, balance, and flex-
ibility [29–32]. Modified SEBT has high test-
retest reliability [33–35] as well as it has been 
shown that it is able to distinguish dynamic 
balance and proprioceptive control strategies 
between the extremities following unilateral 
lower extremity injury [36]. It was reported that 
the athlete after ACL surgery showed poorer 
and worse performance in both injured and 
uninjured extremities compared to uninjured 
athletes [37]. Therefore, this test can also be 
preferred in the decision to return to the sport 
phase to determine the functional stability sta-
tus after lower extremity injuries.

Another method that can be used to measure 
postural stability in connection with propriocep-
tion in the return to sport is to detect postural 
sway. Postural sway can be recorded during the 
test on the computerized balance board called 
stabilometer [4, 38]. It has been widely used in 
athletes with lower extremity ligament injuries 
and defects in the performance of the injured side 
have been showed [38–40]. However, the disad-
vantage of these tests compared to the isolated 
proprioceptive tests is that it is not possible to 
attribute the result completely to the propriocep-
tion due to the balance can be affected by various 
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parameters such as strength and flexibility as well 
as proprioceptive sense.

Although a valid and reliable proprioceptive 
test method is not described in the literature as a 
gold standard for the return to sport, it has been 
shown in studies that athlete should be tested pro-
prioceptively before the return to sport. According 
to these test results, neuromuscular rehabilitation 
should be applied with proprioceptive education. 
These programs include training that allows the 
best postural response to sudden changes given in 
the sport, thus reducing the risk of reinjury [41]. 
The difficulty of exercise should be adjusted to 
the level of the athlete’s neuromuscular control. 
It advances from low-density movements, usu-
ally concentrated on a single plane, to multi-pla-
nar high-density movements. Drills regarding to 
reflex activities that require rapid stabilization of 
the joints are used instead of planned and volun-
tary muscle activities [4, 42, 43].

It is the balance exercises that ignite the pro-
prioceptive receptors. The most commonly used 
in clinics after lower extremity injuries is per-
turbation training on one foot in softer grounds 
with varying degrees of difficulty (Figs. 13.1 and 
13.2).

In addition, leg press, squat, single leg hop, 
side and figure eight running, and crossover 
walking on unstable grounds will help improve 
joint neuromuscular control in more dynamic 
conditions. The most important point to be 
noticed during the vertical hop is to teach the 
right landing strategies. Exercises are often given 
as closed kinetic chain activity. This is due to the 
fact that limbs are used as a part of closed kinetic 
chains during sports and activities of daily living. 
Another reason is that mechanoreceptors can be 
stimulated more effectively during closed kinetic 
chains exercises [43]. In addition to these general 
stability exercises, sport-specific drills should 
be included. Such exercises help to reinforce 
the proprioceptive pathways that are specific to 
activities that the athletes may encounter in the 
return to sport [36]. At the same time, it provides 
application of sport-specific drills bearing the 
risk of reinjury in controlled conditions and will 
facilitate proprioceptive adaptation of the athlete 
to these conditions [4].

As a result, the decision to return to the sport 
is based on not only performance tests, but also 
social and psychological factors. Although pro-
prioception is among performance-based multi-

Fig. 13.1 Basic balance exercises for lower extremity
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factorial factors, studies show conflicting results 
on a reliable method to objectively determine the 
proprioception. Athletes can show significant 
proprioceptive deficit following sports injuries 
but there is no consensus how to use proprio-
ceptive test during return to sports. Establishing 
evidence- based standards for the use of 
 proprioceptive tests in the decision to return to 
the sport may contribute to reduce reinjury risk.
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Proprioception After Soft Tissue 
Regenerative Treatment

Barış Gülenç, Ersin Kuyucu, and Mehmet Erdil

14.1  Introduction

Proprioception is a word of Latin origin which is 
formed by the combination of the words “pro-
prius” (person-specific) and “-ception” (percep-
tion, intuition) and first coined in 1932 by Charles 
Scott Sherrington, a Nobel laureate in psychol-
ogy. It is defined as the perception of joints and 
extremities provided by the neural inputs through 
receptors found in joints and surrounding tissues. 
It can be simply described as “awareness of the 
location of one’s body parts in 3-dimensional 
space.” Sharma defined proprioception in its 
most comprehensive form as “gathering of inputs 
from somatosensorial, vestibular, and visual sys-
tems by central nervous system to regulate peri-
articular muscle activity that provides joint 
stabilization” [1, 2].

Proprioceptiom is achieved by afferent stimuli 
which comes from reseptors found in joint cap-
sule, muscles, tendons,ligaments, other intra-
articular structures (e.g., meniscus), and skin. 
These receptors are composed of mechanorecep-
tors that are responsible for the sensations of 

position and movement, and nociceptors that are 
responsible for pain transmission.

Mechanoreceptors are composed of three dif-
ferent structures (Fig. 14.1).

Pacini bodies are found in deep capsular lay-
ers, anterior cruciate ligament, meniscofemoral 
and collateral ligaments, intra- and extra-articular 
fat pads, and inner meniscus. They are especially 
sensitive to acceleration and deceleration. They 
are not stimulated in static conditions and when 
joints move at a constant pace, and they react to 
rapid changes of movement.

Ruffini bodies are especially abundant in 
superficial layers and joint capsule, and also in 
cruciate ligaments, meniscofemoral and collat-
eral ligaments, and menisci. Ruffini receptors 
have a high sensitivity for mechanical stress and 
have a slow adaptation. They can detect intra- 
articular pressure, joint rotations, static joint 
position, and joint width and speed.

Golgi tendon organ receptors are found in 
menisci, cruciate ligaments, and collateral liga-
ments. They show a slow adaptation; they have a 
higher sensitivity for mechanical stimuli; and they 
are completely inactive in stationary joints. As 
Golgi tendon receptors have a high threshold, they 
are considered to measure the threshold points of 
the normal movement series of a joint (Fig. 14.1).

Nociceptors are abundant in joint capsule, 
cruciate ligaments, and in menisci, with their 
number in the latter being greater than other 
receptors. These endings are myelinated or 
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unmyelinated axons with a diameter ranging 
between 0.5 and 5 mm. Most nerve endings 
remain silent under normal conditions; they are 
activated when a joint is subjected to mechanical 
force or certain agents.

All these receptors may be injured when the 
hosting tissue is injured, operated, or recon-
structed. Loss of proprioception causes an 
increased rate of recurrent injuries so propriocep-
tive rehabilitation aims both reduce the risk of 
injury and affects positively outcomes of surgical 
therapy. Studies on athletes have shown that this 
type of rehabilitation may increase performance 
not only in those who sustain injuries, but also in 
healthy athletes [3, 4].

Treatment of soft tissue injuries should be 
dealt with care by orthopedic surgeons and physi-
cal therapy specialists. An important aspect of 
recovery and post-recovery rehabilitation process 
is the replacement of the injured tissue’s sensa-
tion of proprioception [5, 6].

Joint motion (kinesthesia) and joint position are 
the two important elements of proprioception 
measurement. Kinesia forms the dynamic part of 
proprioception and is thus regulated by the Pacini 
bodies that react to rapid changes. On the other 
hand, joint position is responsible for the static 
part of proprioception and is basically regulated by 
the Ruffini bodies and Golgi tendon organ [7, 8].

Although recent studies on athletes have indi-
cated beneficial effects of elastic bandages, 

splints, bandaging, and surgical treatment on 
 proprioception, no standard treatment exists for 
proprioceptive rehabilitation and studies are 
ongoing. In this chapter, we aimed to discuss data 
on the change of proprioception following regen-
erative treatments applied mainly after articular, 
muscular, and other soft tissue injuries.

14.2  Evaluation of the Change 
in Proprioception After Knee 
Injuries

In the knee joint proprioceptive data and neuro-
muscular feedback mechanisms coming from 
joint and muscle receptors play an important role 
for muscle tonus, coordination, and control of 
contraction, i.e., establishing and maintenance of 
joint stability. A properly coordinated muscle co- 
activation protects normal joint cartilage from 
overload. The protective muscle activity pattern 
occurs when ligaments are subjected to stress 
[10]. The relationship between sensory input and 
motor response has been stressed in many studies 
where the correlation between the sensation of 
proprioception and motor function has been eval-
uated. In the knee joint, especially the cruciate 
ligaments are rich in proprioceptive receptors. It 
has been shown that the injury or surgical repair 
or reconstruction of these structures adversely 
affects proprioception [10, 11].

Mechanoreceptors
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Fig. 14.1 Neuromuscular 
control pathway (by 
Lephart and Henry) [9]
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14.3  Anterior Cruciate Ligament 
(ACL)

ACL is one of the most important ligaments lim-
iting knee translation and rotation. Prospective 
studies that have been done following its injury 
have shown that 40–90% of the affected persons 
develop radiological osteoarthritis 7–12 years 
after the event [12, 13].

Pacini, Ruffini, and Golgi tendon organ are 
found at femoral and tibial attachment sites. ACL 
tears cause a reduction of afferent inputs sent 
from these receptors, lowering the number of 
receptors. Hence, ACL tears not only lead to 
mechanical knee instability, but also markedly 
reduced proprioception, with resulting impair-
ment of balance, strength, and activity level of 
the quadriceps muscle, putting persons at risk of 
recurrent injuries.

There is no standard method for evaluating 
proprioception after ACL injury. Joint position 
sensory test and TTDPM (threshold to detect 
passive motion) are the most commonly 
employed tests for measuring proprioception 
after ACL injuries. TTDPM is sensitive to 
changes in Pacini bodies stimulated by rapid 
changes in knee joint. On the other hand, JPS pri-
marily evaluates changes in receptors that 
respond to slower changes such as Golgi tendon 
organ and Ruffini bodies. The tests are used to 
assess the difference between injured knee and 
normal knee, or between post-injury and post-
treatment states [11, 14].

Kim et al., in a metaanalysis of studies on pro-
prioception after ACL tears, reported that the JPS 
scores were greater in the normal knee compared 
to the injured knee [15]. Similar results were pro-
vided by studies comparing patients with ACL 
injury and an external control group, with the lat-
ter having a better JPS score. The same study 
revealed no significant difference between the 
TTDPM scores compared to the contralateral 
knee. Comparisons using control groups indi-
cated that the scores were better in control groups, 
as is the case for JPS [16].

Studies evaluating treatment outcomes have 
shown that both TTDPM and JPS dramatically 
improved following treatment. Outcomes follow-
ing this improvement are superior to both the 
external control group and the contralateral knee. 
When both tests are compared, although the 
opposite has been suggested, since metaanalyses 
revealed that JPS scores yield more consistent 
results after ACL injuries, it has been recom-
mended to use them as the evaluation test. 
TDDPM and JPS scores below 5 are not consid-
ered significant in clinical practice [17–24].

The lack of change in proprioception with 
ACL tears can be explained by the abovemen-
tioned fact stating that these tests are sensitive to 
stimuli coming from different receptors. 
Additionally, ACL contain 1% of all mechanore-
ceptors of knee, and the remaining ones are local-
ized in joint capsule and adjacent muscles. Golgi 
tendon organ, which is more abundant in muscles 
and tendons, can be a reason why severe loss of 
proprioception does not occur after ACL injury 
[18, 20].

It has been shown that proprioceptive sense in 
reconstructed ligaments does not recover for 
about 6 months after ACL injury. Post- 
reconstruction rehabilitation program should aim 
at increasing the number and activity of mecha-
noreceptors found in joint capsule and muscles. 
The number and activity of the receptors at this 
anatomic site may explain why some patients 
with ACL deficit are more resistant than others 
against recurrent injuries [21, 23].

Among studies comparing single bundle aug-
mentation (SBA), double bundle (DB) and single 
bundle (SB) reconstruction with one another, the 
one by Ma et al. where balance ability and pro-
prioception were evaluated, joint stability, bal-
ance ability, and proprioception were better 
among patients undergoing DB and SBA at 6th 
and 12th months. Gains in joint stability and pro-
prioception occurred more rapidly in patients 
undergoing DB than those undergoing other two 
methods. On the other hand, muscle strength was 
similar in the three groups [25].

14 Proprioception After Soft Tissue Regenerative Treatment
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14.4  Menisci

In daily life meniscal injuries occur with axial 
overload and knee rotation. Patients present to 
clinicians with mechanical knee symptoms (lock-
ing, sound). In symptomatic tears the treatment 
of choice is arthroscopic surgery. Depending on 
the site, time, and type of the tear, as well as 
patient age and activity level, repair or debride-
ment of tear is performed. Repair is preferentially 
selected in central tears, young patients, and 
acute tears.

Menisci are innervated by the posterior articu-
lar branch of the tibial nerve. The majority of 
innervation is at the anterior and posterior horns 
and the greatest in the peripheral two-third of the 
meniscus. Exactly like the ACL, there also exist 
free nerve endings (nociceptors) and mechanore-
ceptors within the menisci. While free nerve end-
ings are responsible for pain sensation, Pacini 
bodies sense joint acceleration and deceleration, 
while Ruffini bodies send information about a 
joint’s static position to the central nervous sys-
tem. The physical stimuli sent with these recep-
tors’ afferent inputs mediate reflex protective 
responses against joint changes [26].

There is a paucity of information regarding the 
change in proprioception after meniscal tears and 
their treatment. The basic reason of this is the het-
erogeneity of meniscal tears and technical diffi-
culty of measuring proprioception. Dynamic 
postural stability measurement with stabilometry 
is one of the available methods used for the mea-
surement of proprioception after meniscal tears. In 
this method, dynamic postural stability on a single 
leg is assessed to evaluate proprioception. It allows 
the evaluation of both afferent and efferent reflex 
pathways. Additionally, TTDPM and JPS can also 
be used for post-meniscal evaluation [27].

A prospective study followed 50 patients who 
underwent partial meniscectomy for symptom-
atic meniscal tear for a mean of 63 weeks and 
showed that proprioception was markedly 
reduced after meniscal tear compared to the con-
tralateral side, but despite a statistically signifi-
cant improvement in clinical scores the patients 
did not show significant improvement of stabi-
lometry results after surgery [28].

Palm et al. reported that there was no signifi-
cant difference between postural stability among 
knees with and without tear after surgical treat-
ment of meniscal tear. However, the limitation of 
that study was that none of the patients was com-
pared with the external control group [29].

In another study where pre- and postsurgical 
meniscal tear was compared with a control group, 
there occurred a significant reduction in proprio-
ception than the control group after meniscal tear, 
which was not improved with external bandaging. 
When postoperative outcomes were analyzed, on 
the other hand, a significant increase in proprio-
ception was noted compared to the peroperative 
values although no significant difference was evi-
dent compared with the control group [30].

Whereas total meniscectomy was once a com-
monly preferred surgical method, it is now aban-
doned. Thijs et al. prospectively evaluated 14 
patients undergoing total meniscectomy with the 
JPS testing at 30–70°. They found a significant 
proprioception deficit in the meniscectomy 
group, which partially recovered 6 months after 
fresh frozen meniscus transplantation [31]. In 
another study where a change in quadriceps mus-
cle strength was evaluated, both EMG activity 
and muscle strength were significantly improved 
at 6th month although there was no discernible 
change in muscle diameter after meniscus sur-
gery; this result was attributed to a postsurgical 
decrease in neural activity [32].

There is a paucity of information about the 
state of proprioception after meniscal repair and 
further studies are warranted.

14.5  Posterior Cruciate Ligament 
(PCL)

In just the same way as ACL, PCL consists of 
two branches and its injury may lead to knee 
atrophy and instability relatively rapidly. Unlike 
ACL, it is more likely to recover after injury 
because of a large synovial sheath found around 
it and its proximity to middle geniculate artery. 
Therefore, its isolated injuries have been mostly 
treated conservatively in the past, but the  tendency 
to use surgery has been increasing due to recent 
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advancements in surgical technique, and also due 
to reports indicating a tibiofemoral and patello-
femoral arthrosis risk in the long term. Single 
branch PCL reconstruction preserving PCL resi-
due is one of the most preferred techniques 
because of both graft revascularization and pre-
served proprioception. PCL contains Golgi body, 
Pacini and Ruffini bodies in its structure and its 
defects have been associated with loss of proprio-
ception [33–36]. Adachi et al. reported that JPS 
was rapidly reduced at early postoperative period 
after PCL reconstruction and could reach the 
same level as the contralateral knee by only 
24 months. TTDPM tests evaluated by different 
authors at different angles showed that the values 
in knees with PCL tear were lower than the intact 
side [37]. Lee et al. retrospectively studied 
TTDPM and RPP (reproduction of patient posi-
tioning) values in knees undergoing PCL recon-
struction and found no difference from the 
contralateral side at 61 months [38]. Li et al. 
studied the effect of three different PCL recon-
struction techniques on proprioception. They 
used autograft in one group, hybrid graft in the 
other, and reconstruction with PCL treated with 
gamma radiation in another. The authors found 
no significant difference between the three groups 
with respect to proprioception and functional 
outcomes at the end of a 5.5- month follow-up 
period [39].

14.6  Evaluation of a Change 
in Proprioception After Soft 
Tissue in the Ankle Injuries

As the knee region, ankle region is rich in pro-
prioceptive receptors. Freeman et al. were the 
first to report that afferent nerve endings were 
reduced in number, leading to recurrent ankle 
sprain following chronic ankle instability. The 
time and ability of standing on a single foot after 
ankle sprain was reported to be reduced com-
pared to those on the intact side [40].

Kinesthesia, sensation of joint position, and 
RPP (reproduction of proprioception) values are 
also reportedly decreased after ankle sprain. A 
significant reduction in peroneal reaction time 

was also reported after rapid inversion following 
these injuries [41].

The main problem mentioned in a number of 
papers is the association of reduced number of 
mechanoreceptors with chronic instability and 
postural disorder. Postural control is the main 
factor for maintaining balance, and its loss results 
in falls and injuries. The risk of recurrent ankle 
sprain is increased in these patients [42, 43].

Li et al. reported that postural control signifi-
cantly increased at postoperative period com-
pared to the preoperative period after ATFL 
reconstruction (modified Bröstrom). It has also 
been reported that postural sway at anteroposte-
rior plane was also significantly lowered follow-
ing surgery [44, 45].

Several studies have examined ankle proprio-
ception after achilles tendon injuries. Bressel et al. 
studied the changes in ankle proprioception after 
achilles tendon injuries and found that ankle pro-
prioception was significantly reduced at both sides 
compared to the control group after a mean of 
5.8 years after primary achilles tendon repair [46].

Kaya et al. studied 19 patients after percutane-
ous achilles tendon repair and found no differ-
ence between the intact side and the repaired side 
with respect to muscle strength and sensation of 
joint position at 10° dorsiflexion whereas there 
was a significant difference between both groups’ 
sensation of joint position at 15° plantar flexion. 
Although they detected a significant reduction at 
the affected side compared to the control group, 
no significant difference was detected between 
the intact side and the control group [47].

14.7  Evaluation of a Change 
in Proprioception After Soft 
Tissue Injuries Involving 
Shoulder Region

Shoulder joint is a spheroid joint that can move at 
each of the three anatomic axes. Only a third of 
humeral head is covered by glenoid. Capsulolabral 
structures around the joint increase the depth of 
the glenoid and contribute to joint stability. 
External injury to these structures may result in 
instability. The recommended treatment after a 
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first dislocation episode is conservative follow-
 up with the arm resting in a sling; the rate of 
recurrent episodes of dislocation has been 
reported to be 60% especially in the second 
decade. Surgical labrum repair is the standard 
surgical modality for recurrent dislocations. 
Among the surgical techniques, the most com-
monly preferred ones are arthroscopic or open 
capsulorrhaphy, labrum repair, and glenoid 
reconstruction [48–50].

In a histological study by Vangness et al., Both 
pacini bodies and ruffini receptors were shown in 
glenohumeral ligamentous complex. However, 
there are no mechanoreceptors and only nocicep-
tors exist in labrum and subacromial bursa. 
Proprioception is one of the involuntary dynamic 
stabilizers of the shoulder joint; it regulates joint 
movements and prepares the shoulder for the 
stages of the preparation and response to stress 
reaction. The sensation of joint position is neces-
sary for the maintenance of harmony between 
joint surfaces during shoulder movement arch. 
Stretching of intra-articular and periarticular 
structures during shoulder elevation promotes the 
sensation of proprioception. It is thought that by 
this way joint harmony is maintained properly at 
the extremes of joint motion arch [51–53].

14.8  Instability Surgery

Shoulder instability is the basic subject of studies 
investigating proprioception and shoulder. As 
mentioned above, there is a plethora of studies 
examining how the sensation of joint position, 
which is considered among dynamic stabilizers, 
is affected in case of instability, and to which 
degree it contributes to instability.

Lephart et al., in a study where they measured 
and compared kinesthesia and sensation of joint 
position among healthy, unstable patients under-
going instability surgery, demonstrated that the 
values were worse in the instability group com-
pared to the healthy subjects, and that their values 
approximated to those of healthy subjects follow-
ing surgery. Edmunds et al. examined proprio-
ception after immobilization with conservative 
sling immobilization and primer arthroscopic 

surgery and found no difference between the 
groups [54, 55]. Fremery et al. compared EMG 
and proprioception of shoulder muscles after 
open instability surgery (capsulolabral repair) 
with those of the control group. They reported 
that while there was no significant difference 
between both groups’ shoulder proprioception, 
deltoid muscle activity level at EMG examina-
tion at 90° abduction and throwing positions was 
significantly lower at the operation side com-
pared to the control group. According to the 
authors, the use of an open dissection was the 
reason of a lower deltoid activity in the operated 
patients. They reported that in 6 to 33 months 
proprioception returned to the same level as the 
contralateral shoulder [56].

In another study where open surgery and 
arthroscopic surgery was compared, the arthros-
copy and control groups showed no significant dif-
ference from arthroscopic surgery in terms of 
acceleration/movement time ratio and peak/mean 
velocity ratio, and the values were lower with open 
surgery compared to the other two groups [57].

Sullivan et al. compared proprioception after 
different capsulorrhaphy types and found no sig-
nificant differences between the thermal, open, 
and arthroscopic capsulorrhaphy groups with 
respect to the sensation of joint position for exter-
nal rotation movement. Another study examining 
proprioception and muscle strength after open 
inferior capsular shift and anterior capsulolabral 
reconstruction indicated that, although proprio-
ception and muscle strength returned to normal 
1 year after operation in both groups, that 
improvement was achieved later in patients who 
underwent inferior capsular shift with detach-
ment of subcapsularis than the reconstruction 
group, but both muscle strength and propriocep-
tion returned to normal 6 months after operation 
in the reconstruction group [58].

Today, arthroscopic capsulolabral interven-
tions are considered ideal for preserving sensa-
tion of joint position because they minimize 
tissue injury and associated loss of deep sensa-
tion after open surgery.

Multidirectional shoulder instability is a con-
dition characterized by subluxation or dialoca-
tion of shoulder joint in multiple directions. It is 
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characterized by recurrent pain and subluxation 
sensation. Its pathogenesis involves loosening 
due to disrupted shoulder joint capsule attach-
ment. Studies involving these patients have found 
a markedly reduced sensation of dynamic upper 
extremity proprioception [59].

Anderson et al. compared patients with 
chronic rotator cuff pain syndrome with a control 
group and the contralateral shoulder, and found 
that the sensation of joint position was lower in 
the injured side than both groups [60].

14.9  Evaluation of Change 
of Proprioception After Soft 
Tissue Injuries Involving 
Hand–Wrist Region

Impairment of proprioception is among impor-
tant parameters after hand and wrist injuries. The 
wrist is innervated by median, ulnar, radial 
nerves, and the articular branches of the muscu-
locutaneous nerve. There are mechanoreceptors 
in the extensor and flexor musculotendineous 
junction providing the sensation of position of 
the wrist. Ruffini bodies are the dominant mecha-
noreceptor type in the hand; they are activated by 
low amplitude motion and they respond to load-
ing and stretching. Mechanoreceptors found in 
the skin are an important part of hand propriocep-
tion and aid in the coding and regulation of the 
sensation of position. The degree of innervation 
shows difference among the structures of wrist 
and it is greater in distal radiocarpal and distal 
intercarpal ligaments [61, 62].

An in vivo proprioception and EMG study on 
the scafolunate ligament (SLL) by Hagert et al. 
showed that proprioception and EMG conduction 
velocities were different in SLL injuries from 
those of normal subjects. In that study, it was 
shown that antagonist muscles were activated by 
this reflex pathway as a result of injury to the 
ligaments. It was reported that SL ligament 
reflexively performed volar flexion motion when 
stimulated with the wrist in flexion position. It 
was noted that when the area of SL ligament was 
desensitized, the protective reflexes were elimi-
nated [63].

In cases of wrist hypermobility and palmar 
midcarpal instability, the use of orthesis and 
extensor carpi ulnaris strengthening exercise pro-
gram to preserve afferent sensory conduction has 
been reported in the literature [64, 65].

In patients for whom conservative treatment 
would not suffice and surgical therapy is required, 
a careful dissection and care taken not to severe 
nervous structures are important in order to pre-
vent deep sensory loss. Instability surgery can 
currently be applied with the arthroscopic 
method. Arthroscopic electrothermal shrinkage 
has been reported to enable to shrink and tighten 
failing ligaments by applying thermal stimulus, 
and to provide favorable outcomes. Hagert et al. 
stated that the outcome may be limited due to 
injured receptors after this surgery [65–67].
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Osteoarthritis and Proprioception

Cetin Sayaca, Yavuz Kocabey, 
and Engin Ilker Cicek

15.1  Overview of Osteoarthritis

Osteoarthritis (OA) is the most common joint 
arthritis in the world [1–3]. It is seen in older 
 people who are 65 years of age with clinical symp-
toms and radiographic changes [4]. Other names 
of osteoarthritis are osteoarthrosis, degenerative 
joint disease, degenerative arthritis, decaying 
cartilage, and degenerative changes [3].

OA is a chronic disease that develops slowly 
in a while [3]. OA is defined as degeneration of 
cartilage and hypertrophy of subchondral bone. 
Especially it often affects hands and weight- 
bearing joints of the body like knee, hip, cervical- 
lumbosacral spine, and first metatarsal phalangeal 

joint [3–7]. OA affects cartilage and tissues 
around the joint, that is, subchondral bone, liga-
ments, muscle, and synovium [3]. Classification 
of OA is given in Table 15.1 according to 
Amerıcan College of Rheumatology [8].

15.2  Pathology of OA

The main special features of OA are progressive 
degeneration of cartilage, subarticular sclerosis, 
osteophyte formation, synovial irritation, and 
fibrosis of joint capsule. The changes of cartilage 
are seen very early [9] and the first change of OA 
is fibrillation that decreases the cartilage [10]. 
The cartilage is smooth, strong, white, and elastic 
in healthy people. The aim of cartilage is to help 
articular face of bones to move painlessly and 
smoothly. In mild OA, the cartilage is less 
smooth, insufficient, and thinner so that joint 
space becomes narrow. As a result movement 
becomes hard, and pressure of soft tissue around 
the joint is increased. After degenerated cartilage 
and imbalance of pressure, little bony spurs that 
entitle osteophytes thrive. Finally, the cartilage is 
very thin, osteophytes are bigger than in the 
beginning, and subchondral bone is thickened in 
severe osteoarthritis [3]. Cysts improve where 
pressure is high and trabecula around cysts 
becomes sclerosed. After that, intraosseous pres-
sure increases. During that time, osteophytes are 
formed in cartilage that has no stress or pressure. 
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As a result, all of these activities which are con-
struction and demolition are seen in OA together 
[9]. Enzymes secreted as a result of damage to 
the circumference of the joint degenerate the 
cells and synovitis develops. In the late stage, 
fibrosis develops around the articulation capsule 
and then it may cause stiffness of joint [9]. 
Normally cartilage and synovium don’t have 
nerves [3, 9] but the chances in subchondral and 
capsular area cause pain, because of nerves in 
that area [9]. Therefore OA progresses silently. 
When patients are aware, it may be too late.

15.3  Risk Factors for OA

A lot of risk factors are defined for OA and a 
single factor is not responsible for its occurrence 
[3]. Epidemiological studies refer to a lot of risk 
factors but especially six main factors are impor-
tant for OA. These are age, obesity, trauma, 
abnormal biomechanics, genetic, and change of 
joint shape [11, 12]. Mechanical and genetic fac-
tors are important for OA, but age is the most 
important factor than others [13].

Symptoms increase with age and sex. OA is 
seen in radiologic imaging in 90% of all people 

Table 15.1 American College of Rheumatology criteria 
for classification of osteoarthritis

I. Idiopathic
  A. Localized
   1.  Hands (e.g., Heberden’s and Bouchard’s nodes 

[nodal], erosive interphalangeal arthritis 
[nonnodal]): scaphometacarpal, 
scaphotrapezial

   2.  Foot (e.g., hallux valgus, hallux rigidus, 
contracted toes [hammer/cock-up toes]): 
talonavicular

   3. Knee
    (a) Medial compartment

    (b) Lateral compartment

    (c)  Patellofemoral compartment (e.g., 
chondromalacia)

   4. Hip
    (a) Eccentric (superior)

    (b) Concentric (axial, medial)

    (c) Diffuse (coxae senilis)

   5. Spine (particularly cervical and lumbar)

    (a) Apophyseal

    (b) Intervertebral (disk)

    (c) Spondylosis (osteophytes)

    (d)  Ligamentous (hyperostosis [Forestier 
disease or diffuse idiopathic skeletal 
hyperostosis])

   6.  Other single sites (e.g., shoulder, 
temporomandibular, sacroiliac, ankle, wrist, 
acromioclavicular)

  B.  Generalized: includes three or more areas listed 
above (Kellgren-Moore)

   1. Small (peripheral) and spine

   2. Large (central) and spine

   3. Mixed (peripheral and central) and spine

II. Secondary
  A. Posttraumatic
  B. Congenital or developmental diseases
   1. Localized
    (a)  Hip diseases (e.g., Legg-Calvé-Perthes, 

congenital hip dislocation, slipped capital 
femoral epiphysis, shallow acetabulum)

    (b)  Mechanical and local factors (e.g., 
obesity, unequal lower extremity length, 
extreme valgus/varus deformity, 
hypermobility syndromes, scoliosis)

   2. Generalized
    (a)  Bone dysplasias (e.g., epiphyseal 

dysplasia, spondyloapophyseal dysplasia)

    (b)  Metabolic diseases (e.g., 
hemochromatosis, ochronosis, Gaucher 
disease, hemoglobinopathy, Ehlers-Danlos 
syndrome)

Table 15.1 (continued)

  C. Calcium deposition disease
   1. Calcium pyrophosphate deposition disease
   2. Apatite arthropathy
   3. Destructive arthropathy (shoulder, knee)

  D.  Other bone and joint disorders (e.g., avascular 
necrosis, rheumatoid arthritis, gouty arthritis, 
septic arthritis, Paget’s disease, osteopetrosis, 
osteochondritis)

  E. Other diseases
   1.  Endocrine diseases (e.g., diabetes mellitus, 

acromegaly, hypothyroidism, 
hyperparathyroidism)

   2. Neuropathic arthropathy (Charcot joints)

   3.  Miscellaneous (e.g., frostbite, Kashin-Beck 
disease, caisson disease)

From Altman R, Asch E, Bloch D, et al. (1986) 
Development of criteria for the classification and report-
ing of osteoarthritis. Classification of osteoarthritis of the 
knee. Diagnostic and Therapeutic Criteria Committee of 
the American Rheumatism Association. Arthritis Rheu 
29:1039–49
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by age 40 [6]. Especially it is seen in a lot of peo-
ple in 65 years and 80% of over age 75 [2]. Sex is 
an important risk factor because of most frequent 
occurrence in women than in men [6, 14]. But 
OA is seen more frequently in men before 
50 years of age. After 50 years of age, frequent 
increase in women [15, 16]. Another important 
risk factor is obesity that affects the knee, hand, 
and probably hip joints [6]. This factor increases 
the load to joint surface and soft tissue around 
joint. So the cartilage is exposed with extreme 
stress for a long time. In terms of ethnicity, knee 
OA has higher rates in African-American women 
but not men. African-American people have a 
higher risk of OA than white people but there is a 
little difference for hand OA [17]. Otherwise, 
according to Anderson and Felson and Jordan 
et al., there are no differences in the prevalence of 
OA ethnically [18, 19] and hip OA [20]. Most of 
the genes are responsible and affect the preva-
lence of OA [21], for example the vitamin D 
receptor gene, insulin-like growth factor I genes, 
and  cartilage oligomeric protein genes [22]. 
Biomechanical changes affect healthy and patho-
logical joint directly [23]. Abnormalities of bio-
mechanics increase degenerative force on the 
cartilage of joint. Malalignment of knee is a risk 
factor for knee OA [24] and hip joint geometry 
alter the distribution of loading forces across the 
hip joint [25]. Geometry of hip can distribute the 
stress that comes on the hip joint. If there is a 
wrong position of the geometry of hip, the stress 
increases on some area and OA develops. Trauma, 
like a fracture of articular surface, menisci, or 
ligament tears, is a reason for joint instability. 
The risk of posttraumatic OA increases with obe-
sity [26, 27]. Bone and cartilage pathologies are 
related with OA [28]. For example, upper femo-
ral epiphyseal shift or congenital acetabular dys-
plasia is associated with greater risk for OA, as it 
causes alterations in the joint surface [9].

Out of these risk factors, sports/physical activ-
ity, muscle weakness, and occupation are also 
risk factors for OA. During sports or physical 
activity, ligament or meniscal injury damages 
joint and increases the risk of OA. Repeated 
movements in daily activities increase the risk of 
OA. However, muscle weakness is another 

important risk factor. Muscle weakness around 
the joint breaks down the stability and increases 
loading on joint [29]. Some risk factors are not 
changed from person to person. It is important 
that people manage their risk factors that are 
changeable for decreasing the incidence of 
OA. For example, exercise and decreasing of 
weight are important for protecting joints from 
osteoarthritis [23]. In addition, biological, quality 
of life, and socioeconomic factors may affect the 
prevalence of OA.

15.4  Diagnosis of OA

There are two groups of arthritis. The first group 
is atrophic that is characterized by synovial 
inflammation and decreasing of cartilage and 
bone like a rheumatoid arthritis or septic arthritis. 
The other group is hypertrophic that is called 
osteoarthritis [2]. To explain the joint pattern is 
important for diagnosis of arthritis. It is explained 
to answer these questions: Is there inflammation, 
and how many and which joints are affected? 
Within 30 min will morning stiffness, swelling, 
and inflammation of joint clear? Characteristic 
joint patterns of OA are monoarticular, minimal 
inflammation, and distal interphalangeal joint 
involvement. All of these signs are important to 
distinguish OA from another form of arthritis [6]:

• No systemic symptoms
• Degeneration and minimal inflammation of 

joint
• In rest pain decreases
• The morning stiffness for a short time
• General features in the radiographic review: 

decreased joint space, osteophyte formation, 
bony cysts, high mineral density of subchon-
dral bone in X-ray [2]

15.5  Clinical Signs of OA

The symptoms of OA are frequent pain and stiff-
ness and decrease in pain in a few minutes after 
movement but occurrence of pain at rest in 
chronic stage. Normally, inflammation and 
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 swelling are very mild in OA [6]. But, in serious 
pathology, inflammation and its symptoms like 
swelling and heat may be seen [3]:

• Joint stiffness
• Pain increases with motion and weight- 

bearing activity
• Pain reduces with rest
• DIP and PIP nodes are remarkable
• Limitation of range of motion in affected joint
• Crepitus
• Mild inflammation and swelling
• Any systemic signs
• No rise in erythrocyte sedimentation rate and 

other laboratory signs of inflammation
• Osteophyte, bone cysts, decreasing joint area, 

and intensive subchondral bone in radiograph

15.6  Radiographic Definitions 
of OA

Radiography is the gold standard for definition of 
OA [17]. The Kellgren-Lawrence radiographic 
grading scale divided OA into five levels [30]. In 
“Grade 0” there are no changes and in “Grade 4” 
there is a lot of degeneration in joint (Table 15.2). 
To use this classification of OA with the Kellgren- 
Lawrence radiographic grading scale, there must 
be osteophytes in joint. This has been criticized 
by another researcher [31]. But it is often used by 
clinicians.

15.7  Proprioception in OA

Awareness and definition of movement in space 
called proprioception are important. There are 
three important specialties of proprioception that 
limits excessive movement, stabilizes joint posi-
tion, and coordinates during movement [32]. 
Proprioception could be identified as awareness 
of velocity, force, and position of extremity in 
space [33] and it originates from mechanorecep-
tors that are in muscles, joint capsule tendons, 
ligaments, and skin [34]. Intact innervation of 
joint is important for proprioception. Damage of 
mechanoreceptors that are around the joint affects 
neuromuscular control and as a result non- 
coordinated motion appears [35].

Proprioception is important for the strength of 
muscle which prevents loading excessive stress 
on joint during walking [35]. Joint receptors pro-
vide information input for the central nervous sys-
tem about joint position and movements. In OA, 
primarily the joint receptors change, while muscle 
receptors change over time [32]. So the proprio-
ceptive input decreases and impairs. Proprioceptive 
input is important and essential for homeostasis 
[36, 37]. Proprioceptive deficits may result in 
functional instability leading to future micro-
trauma and reinjury [38]. Decreasing of proprio-
ception affects the pathophysiology of knee OA 
[39, 40]. But it doesn’t affect another joint pro-
prioception like knee or wrist in patient with knee 
OA [41]. However, there are relationships between 
strength, proprioception, and loading in the lower 
extremity with affected hip OA. Especially, there 
are deficits of proprioception and muscle strength 
in OA [42]. In addition, proprioception decreases 
with age and it is a risk for knee OA. As a result, 
poor proprioception continues with functional 
disability in knee OA [40].

There are two types of proprioceptive recep-
tors classified as slow and fast. Fast receptors, 
like Pacinian corpuscles, react quickly to external 
stimuli and issue nerve impulses. The main func-
tion of Pacinian corpuscles is to detect movement 
which is acceleration or deceleration and begin-
ning or completion. Slow receptors, like Ruffini 
corpuscles, free nerve endings, Golgi tendon 
organ, and muscle spindles, proceed to sense 

Table 15.2 Kellgren-Lawrence radiographic grading 
system for osteoarthritis

Grade Classification Description

0 Normal No characteristic finding about 
OA

1 Doubtful İnsignificant osteophytes

2 Minimal Certain osteophytes but intact 
joint space

3 Moderate Moderate reducing of joint 
space

4 Severe Severe reducing of joint space 
and sclerosis of subchondral 
bone

Adapted from Kellgren JH, Lawrence JS, editors. The epi-
demiology of chronic rheumatism, atlas of standard radio-
graphs. Oxford: Blackwell Scientific; 1963
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stimuli over time whose main role is to sense 
change of position and accurate positioning of 
joints [43].

Proprioceptors may be classified into three 
main parts in terms of their localization such as 
cutaneous, joint, and muscle receptors, respec-
tively. Joint receptors are free nerve endings, 
Pacinian corpuscle, Ruffini’s nerve endings, 
Golgi ligament endings, and Golgi Mazzoni cor-
puscles [44, 45]. Muscle receptors are Golgi ten-
don organs and muscle spindle [46]. Information 
gained from these receptors are processed in the 
somatosensorial cortical areas and resulted with 
the perception of the joint kinematics.

 1. Joint Receptors: Joint receptors (JR) are 
located in the joint structures. JR are sensitive 
to the changes in the joint structures like 
stretch and relaxation. The information of 
joint position and movement are transmitted 
to the upper cortical systems. Joint receptors 
are generally defined in terms of their response 
to the stimuli and characteristics as the joint 
state, intensity of the stimuli (low threshold/
high threshold), and adaptation to the stimuli 
(slow adapting/rapid adapting) [47].
• Free nerve ending (FNE): FNEs are bare 

dendrites found in every body structure. 
FNEs are especially intense in epithelial 
and connective tissue. FNEs are tiny senso-
rial fibers capable for detecting pressure, 
pain, and temperature and act as pain 
receptor/nociceptive system in the synovial 
joints. Typically, joint capsule, periosteum 
beneath the joint, and intra-articular fat pad 
have numerous FNEs. Inactivate FNEs are 
activated with the stimuli (mechanical and 
chemical stimulations) including inflam-
matory fluids and inflammatory agents 
(bradykinin, histamine, etc.), pain, pres-
sure, and temperature alterations.

• Pacinian corpuscle (PC): PCs are conical 
and extended corpuscles, capable of sens-
ing initial pressure and vibrations. These 
featured receptors are located in the con-
nective tissue capsules. PCs are found 
much in deeper layers of fibrous joint cap-
sule; therefore these are sensitive to initial 

deep pressure. PCs are often lined up along 
with articular vessel. PCs are inactive in 
resting joint and active during joint com-
pression and perturbations for short-term 
duration of 1 s and less [48]. PCs have low 
activation threshold and they adapt rapidly 
to the persistent stimuli [47].

• Ruffini’s nerve ending (RNE): RNEs are 
thin capsulated globular/ovoid corpuscles 
generally located in the superficial layer of 
joint capsules. Meniscofemoral, collateral, 
and anterior cruciate ligaments have also 
RNE. These receptors are low-threshold 
and slowly adapting mechanoreceptors. 
RNEs are sensitive to joint position, intra- 
articular pressure, amplitude, and velocity 
of movement and they are always active 
either in static or dynamic position [47].

• Golgi ligament endings (GLEs): GLEs 
are located in ligaments and menisci. GLEs 
have sensitivity for tension or stretching 
forces on ligaments and are active in case 
of joint dynamic with high activation 
threshold. Their response to the persistent 
stimuli is slow adaptation. When GLE 
detects the stretching of tendon, they trig-
ger the reflex pathways in order to inhibit 
the muscle contraction to protect the ten-
don or muscle from injury.

• Golgi Mazzoni corpuscles (GMCs): 
GMCs are located in joint capsule for detect-
ing the joint compression. Weight-bearing 
activities stimulate these mechanoreceptors.

 2. Muscle Receptors: There are two types of 
muscle receptors: Golgi tendon organ (GTO) 
and muscle spindle [46]. These receptors 
inform the muscle length and tension.
• Golgi tendon organ (GTO): GTOs are 

located in the tendons that attach muscles 
to the bones. GTO gives information about 
muscle tension and is very sensitive to the 
changes under force because each organ is 
connected to the small muscle fibers. These 
receptors can be able to give response to 
the forces even less than 0.1 g [49].

• Muscle spindles (MSs): MSs are encapsu-
lated structures that lie parallel to the mus-
cle fibers. MSs are sensitive to muscle 
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length and velocity [46]. MSs play a role in 
the control of the posture. These structures 
also detect sudden motion and stretch of 
the muscle.

Mechanoreceptors provide proprioceptive 
sensation which is essential for normal activities 
and also stimulating the protective reflex arcs in 
physically challenging tasks. Degenerative 
pathologies affecting the tissues where these 
receptors are located also cause proprioceptive 
deficits. The integrity and control of sensorimo-
tor systems are essential for balanced and stable 
normal gait [50]. Specific range of motion of the 
knee joint has different extent of the role of pro-
prioception [51]. All receptors are activated to 
prevent injuries at the last angles of motion range. 
Muscle spindle receptors take the sense of chang-
ing position of the knee joint in the middle angles 
of motion range.

Joint cartilage damage could stimulate joint 
mechanoreceptors and this process evokes abnor-
mal sensory information to the central nervous 
system that decelerates voluntary activation [52]. 
Afferent fibers originating from joint mechanore-
ceptors transduce stimuli onto alpha motoneu-
rons located in spinal cord that activates muscle 
fibers extra-fusally [53, 54]. Articular degenera-
tive damages result in abnormal signalization, 
following which alpha motoneuron excitation is 
decelerated that results in decreased voluntary 
activation of quadriceps [53, 54]. Joint mechano-
receptors’ afferent pathway has also projection 
onto gamma motoneurons in the spinal cord. 
Intra-fusal muscle fibers are activated by gamma 
motoneurons and comprised muscle spindles. 
The regulation of muscle spindle sensitivity is 
provided by gamma motoneuron excitability. The 
sensitivity of muscle spindle decreases, and 
therefore perception sensitivity of the joint 
decreases [55, 56]. Barrett et al. claimed that lax-
ity of joint capsule and ligaments was due to loss 
of cartilage and bone height, and lytic enzymes 
may damage the receptors [55].

15.8  Proprioception After Knee 
Replacement Surgery

Knee arthroplasty was first introduced in the 
1950s. Ligaments were replaced with the hinged 
design of the prosthesis. In early designs, stabil-
ity had been the major issue for the replacement. 
Approaches aiming normal knee kinematics have 
been the major expectation in the designs in 
course of time. With the clinical usage of methyl 
methacrylate cement there has been improved 
fixation of the prosthesis. This integration of 
components with the bone surface allowed sur-
face design modifications for the normal articular 
motion kinematics. Despite scarification of 
menisci, anterior cruciate ligament and posterior 
cruciate ligament are not denied that significant 
influence on the knee proprioception impairment 
during the knee replacement surgery, and pro-
prioceptive receptors are also located in the joint, 
ligaments, capsule, skin, surrounding muscles, 
synovium, and subcutaneous tissue. From another 
point of view, the knee proprioception will con-
tinue with the help of these structures. Proper 
ligament balance may partly contribute to better 
proprioception after total knee arthroplasty. The 
designers believed that posterior cruciate liga-
ment preservation resulted in more balanced and 
anatomic replaced knee joint. The PCL preserva-
tion in total knee arthroplasty also increased the 
proprioceptive sensation [55, 57, 58].

It should be kept in mind that even though these 
receptors are preserved during knee arthroplasty, 
these receptors are worn out in the gonarthrosis 
pathophysiological process and therefore an effec-
tive proprioceptive sensation will not occur, 
despite the benefit of all these receptors. Knee 
replacement surgery with the new designs has ben-
efits for pain relief and function; candidates have 
to improve the strength of the surrounding struc-
tures especially muscle and ligaments and neuro-
musculary control by means of proprioception. 
This aim can be achieved with the preoperative 
and postoperative  well- programmed exercises 
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[59]. These exercise protocols enhanced proprio-
ceptive sensation and also stability of the pros-
thetic motion, resulting with the increase in 
durability of prosthesis.

Wada et al. evaluated the effects of total knee 
arthroplasty on joint proprioception and the abso-
lute angular error of the knee in patients with 
knee osteoarthritis before and after total knee 
arthroplasty [60]. Angular error of knee was 
found to be much more seen in the knees which 
had anterior cruciate ligament deficiency than 
normal-appearing ACL before surgery and they 
concluded that deficiency of the anterior cruciate 
ligament may not adversely affect proprioception 
in severe knee osteoarthritis [60].

Moutzouri and colleagues reviewed systemat-
ically 13 studies in order to identify the extent of 
the effects of total knee arthroplasty on balance 
and incidence of falls. These studies interpreted 
balance and incidence of falls without physio-
therapeutic intervention after total knee arthro-
plasty. The results showed that single-limb 
standing balance and dynamic balance were 
improved in 1-year period following surgery 
[61]. Also, fear of falling and incidence of falls 
decreased after TKA. They claimed that knee 
extension strength, proprioception, and symme-
trization of postural strategies are not exactly 
amended after TKA and addressed that these 
deficits have to be solved with physiotherapy 
before surgical intervention [61].

Ries evaluated the effect of anterior cruciate 
ligament on knee kinematics after total knee 
arthroplasty [62]. He claimed that posterior 
cruciate- retaining total knee arthroplasties are 
resulted with paradoxical motion since the tibia 
is subluxed anteriorly during knee extension 
movement and the femur translates anteriorly 
during knee flexion movement. The author con-
cluded that preserving the anterior cruciate liga-
ment (ACL) resulted in better knee kinematics 
and function with unicompartmental and patello-
femoral arthroplasties, when compared with con-
ventional knee arthroplasty [63].

Expectations for normal knee kinematics 
improve prosthesis technologic development for 
new designs. Bicruciate-retaining models have 
been developed for this purpose. Bauman et al. 
commented on the balance ability in order to 
measure proprioception sensation in patients 
with a bicruciate-retaining total knee arthroplasty 
[63]. They found better static balance ability after 
preservation of both cruciate ligaments in arthro-
plasty of the knee and also this study indicated 
better proprioceptive function when compared 
with the control group of patients after unicondy-
lar knee arthroplasty and posterior stabilized total 
knee arthroplasty. They conclude that kinematics 
and long-term survivorship of bicruciate- 
retaining implants had to be investigated with the 
prospective and randomized studies [63].

15.9  Proprioceptive Rehabilitation 
Approaches for OA

In OA, there is a degeneration of cartilage and 
other tissues around joint, like ligaments and mus-
cle. So this degeneration of all tissues can affect 
proprioceptor in these tissues, in OA. There is no 
consensus about exercise effects, type, time, dura-
tion, etc. on OA. The aim of rehabilitation in OA 
is to increase quality of life with improving range 
of motion, increase strength, and decrease pain. 
Therapeutic approaches are shown to have evident 
improvements on proprioception. In addition, 
rehabilitation is different in every joint. But their 
aims are similar. Physical work capacity is impor-
tant to protect joint cartilage from losing [64].

15.10  Exercise Therapy

Exercises are the most effective intervention and 
important part of rehabilitation in OA and 
included aerobic, strengthening, range-of-motion 
[65], stretching, and flexibility exercises [66]. It 
can be used for restoration pain and function and 
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its clinical result is meaningful [67]. Exercise 
therapy of OA is to increase muscle strength, 
improve balance and coordination of movements, 
and improve joint mobility [68] and muscle 
strength is associated with functional level in OA 
[69]. Muscle weakness is a mechanical risk fac-
tor for OA around the joint [70]. When muscles 
around the joint are strong, joint can be protected 
from progression of OA.

Cartilage develops during activity that is 
known, but during overexercise cartilage might 
progress in both directions [70]. Eckstein et al. did 
not find any difference significantly in the in vivo 
deformational behavior of cartilage between non-
athletes and athletes (weight lifters, sprinter, etc.). 
But in animal study, weight- bearing exercises pro-
tect joint from OA during physical activity. On the 
contrary, there are conflicting results in human 
study about physical activity affecting cartilage 
thickness [71]. Articular cartilage is changeable 
with mechanical stimulation and it is adaptive to 
new conditions so it can change morphology and 
composition [72] although some studies didn’t 
offer exercise for OA [73, 74]. But if people don’t 
move enough, it affects cartilage negatively. In a 
study, rate of cartilage was worse in spinal cord 
injury than OA due to nonuse [75]. True exercise 
is important to keep cartilage healthy.

Joint loading in the weight-bearing exercises 
stimulates Ruffini’s endings due to increase in 
joint articular pressure, by the way propriocep-
tive accuracy is advanced [76]. Some exercises 
can be harmful in the long term like running and 
step aerobics. They may not be chosen for OA by 
physiotherapist or patients [70].

15.10.1  Exercise Therapy  
in Hand OA

Exercise and education of joint protection are 
used in hand OA. Especially stretching and 
strengthening exercises are used commonly [77]. 
Also there is lack of evidence about exercise’s 
effect on hand OA [78]; strengthening and range- 
of- motion exercise is often used [79] for decreas-
ing pain and improving range of motion and 
strength in hand OA [80].

15.10.2  Exercise Therapy in Hip OA

Exercise treatment is recommended mostly in hip 
OA. Strength, stretching, and flexibility exercises 
are recommended [66]. Improving joint stability 
of hip might be done by strengthening exercise 
for stabilizer muscles of hip [81]. In idiopathic 
OA, if there is degeneration in one hip, it effects 
OA in another hip [82]. Therefore, bilateral exer-
cises may start to protect. If needed, lumbo- 
pelvic stabilization exercise is added by physical 
therapist [83]. Aerobic, strengthening, and range- 
of- motion exercise could be used to decrease 
pain [66, 84] and aerobic exercises are very cheap 
like walking, swimming, and cycling that patient 
enjoys [83]. There are positive effects of strength 
exercises on pain, range of motion, stiffness, dis-
ability, and physical function in a short time [66]. 
Otherwise, neuromuscular exercise education is 
beneficial for hip OA even in the last stage [85]. 
Svege et al. reported that exercise might delay 
replacement of hip joint by 44%. Despite every-
thing, there are limited number of studies about 
the effects of exercise on pain, function, and 
quality of life in hip OA [86, 87]. Even so, exer-
cise is an important part of rehabilitation and this 
condition continues for a long time.

15.10.3  Exercise Therapy  
in Knee OA

Exercise therapy is an important branch of physi-
cal therapy for improving proprioceptive accuracy 
including knee position and motion sense. Two 
main branches of exercise protocol are aforemen-
tioned. These are proprioceptive  exercises and 
muscle-strengthening exercises. Proprioceptive 
exercises are performed as non- weight- bearing 
and weight-bearing exercises. Muscle-
strengthening exercises are also divided in terms 
of loading perspective of the joint (weight-bearing 
and non-weight-bearing muscle- strengthening 
exercises). There is no consensus on which exer-
cise protocol corrects proprioceptive accuracy 
more than the other. Quadriceps weakness is an 
important risk factor of knee OA. Especially, 
increasing instability of knee decreases shock 
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absorption behavior of muscle by weakness of 
quadriceps [88, 89]. However, strengthening the 
hamstrings with quadriceps is useful for attenu-
ated symptoms in knee OA [90].

15.10.4  Intensity and Duration of 
Proprioceptive Exercises

Strengthening exercise program may be started 
with isometric, but it is improved to isotonic as 
long as it is tolerated [70]. Multitype exercise pro-
grams were not effective than single-type exercise 
programs [91]. However, it should be noted that 
the exercise program must be designed specifi-
cally for the patients each time. In literature, there 
are no significant differences within high- versus 
low-intensity exercise about pain, function, and 
quality of life in patients with hip or knee OA [92] 
or intensity and duration of the sessions [91].

Exercises are continued 3–6 months after ther-
apy for reduction in pain and improvement in 
physical function [93]. Strength exercises must 
be done minimum 8–24 weeks for effects to be 
seen [66]. Exercise program must be continued 
three times in a week and the effect of exercises 
increases with the number of sessions [91].

15.11  Aquatherapy

There are a lot of different names of aquatic 
exercise, like pool therapy, hydrotherapy, or bal-
neotherapy. The basic aim of it is that people do 
their exercise in water. The water’s heat is gener-
ally 32–36 °C. Aquatic exercises are used to 
relieve pain and improve function and usually 
chosen for knee or hip, or both in OA [94]. 
Exercises that are done in the water are more 
effective in hip OA [65].

Aquatic exercises may be more expensive 
than exercise therapy and is difficult to provide 
hygiene. But it might have advantages as reliev-
ing pain, decreasing stiffness, or relaxing muscle 
[95]. Therefore, aquatic exercises might be pre-
ferred in session initially if there is a stiffness or 
a lot of pain in extremity.

15.12  Specialized Proprioceptive 
Techniques

Proprioceptive exercises are important to restore 
neuromuscular control, regain dynamic and static 
stability of joint, and improve functional status of 
people. With the damage of mechanoreceptors 
around the joint, neuromuscular control is lost, 
and as a result smooth, coordinated movement 
cannot be seen [35], so it affects function [38, 96, 
97], because stability of joint depends on afferent 
impulses from nerve endings [98]. Exercises are 
important to restore proprioception and equilib-
rium, like walking, retrowalking, closed kinetic 
chain, kinesthetic, balance, aerobic dancing, Tai 
Chi, and aquatic exercises [99, 100, 101]. 
Direction, velocity, load, surface, and unexpected 
impulse can be changed or added to increase the 
difficulty level of proprioception in exercise ther-
apy. The common point of exercises may be to 
give a mechanical stimulation for mechanorecep-
tors during weight bearing, range-of-motion 
exercises, or progressive resistive exercises, but 
doing exercises in weight-bearing position are 
effective than these exercises [102]. For example, 
closed kinetic chain exercises may be better than 
open kinetic chain exercises, because they affect 
a few joints during the exercise, so a lot of 
impulses from mechanoreceptors stimulate cor-
tex [103, 104]. In addition, giving sensory input 
may increase proprioception [38]. If propriocep-
tion is increasing, it can improve knee muscle 
strength too [43]. Proprioceptive exercises 
improve the joint position sense in OA [105].

15.13  Manuel Therapy Approaches

Manual therapy includes high-velocity manipula-
tions, stretching, traction, massage, and myofas-
cial trigger point release. Joint-based manual 
therapy techniques relieve pain with activating 
inhibitory system of pain from cortical area [106]. 
In one study, manual therapy caused hypoalgesia 
immediately in knee OA [107]. It is applied in a 
lot of sessions but there is no consensus about the 
total number of sessions using it. Manual therapy 
may be used between 2 and 8 weeks in the 
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treatment [108–111]. In addition, there are a lot 
of parameters that may affect therapy result like 
force, speed, amplitude, rate, repetition, and dura-
tion. As a result, manual therapy may be used to 
decrease pain and improve function for short-
term benefits. But there isn’t enough evidence 
about the benefit on pain and function for knee 
and hip OA [112].

15.14  Therapeutic Ultrasound

Therapeutic ultrasound (TUS) is used very often 
than other physiotherapy modalities in rehabilita-
tion of OA. TUS includes high-frequency vibra-
tions [113] and consists of pulsed or continuous 
mode. Pulsed mode affects tissue with nonther-
mal properties and continuous mode affects tis-
sue with thermal properties [114]. It can be used 
to decrease pain and increase function in knee 
OA, despite the quality of evidence being lim-
ited. So it can affect proprioception positively. In 
addition, there was no knowledge about safety of 
ultrasound and effects on hip OA in literature 
[115].

15.15  Thermotherapy

In OA, sometimes inflammation can be 
increased by edema. Thermotherapy can be 
used for decreasing edema, relieving pain, and 
increasing movement and function. In physio-
therapy, heat and cryotherapy are used very 
often for pain with combining other physiother-
apy interventions. When cold is applied longer 
than 20 min, “hunting reaction” may occur and 
as a result pain may recur or increase [116]. Ice 
massaging that may be used for 20 min per ses-
sion, 5 sessions per week, for 2 weeks improves 
quadriceps strength, range of motion, and func-
tional status significantly in knee OA. But there 
are no important changes that are measured by 
knee circumference [117]. But another study 
showed that using cold pack reduces knee 
edema after ten sessions. In addition, there was 
no change in knee edema when using hot packs 
in this study [118].

15.16  Acupuncture

Acupuncture is very popular for reducing muscu-
loskeletal pain [119, 120]. It can be used with or 
without mechanical or electrical stimulation [87]. 
But there is no evidence for using acupuncture in 
OA [121]. Effects of acupuncture are little on 
pain in knee OA.
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