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a b s t r a c t

Introduction: Impaired proprioception has been reported as a feature in a number of musculoskeletal
disorders of various body parts, from the cervical spine to the ankle. Proprioception deficits can occur as
a result of traumatic damage, e.g., to ligaments and muscles, but can also occur in association with
painful disorders of a gradual-onset nature. Muscle fatigue can also adversely affect proprioception and
this has implications for both symptomatic and asymptomatic individuals. Due to the importance of
proprioception for sensorimotor control, specific methods for assessment and training of proprioception
have been developed for both the spine and the extremities.
Purpose: The aim of this first part of a two part series on proprioception in musculoskeletal rehabilitation
is to present a theory based overview of the role of proprioception in sensorimotor control, assessment,
causes and findings of altered proprioception in musculoskeletal disorders and general principles of
interventions targeting proprioception.
Implications: An understanding of the basic science of proprioception, consequences of disturbances and
theories behind assessment and interventions is vital for the clinical management of musculoskeletal
disorders. Part one of this series supplies a theoretical base for part two which is more practically and
clinically orientated, covering specific examples of methods for clinical assessment and interventions to
improve proprioception in the spine and the extremities.

© 2015 Elsevier Ltd. All rights reserved.
1. Role of propcrioception in sensorimotor control

Sensorimotor control refers to central nervous system (CNS)
control of movement, balance, posture, and joint stability (Lephart
et al., 2000; Franklin and Wolpert, 2011). Well-adapted motor ac-
tions require intact and well integrated information from all of the
sensory systems, specifically the visual, vestibular and somato-
sensory systems, including proprioception (Ghez, 1991; Lephart
et al., 1997). Proprioception involves conscious or unconscious
awareness of joint position (joint position sense), movement (kin-
esthesia), and force, heaviness, and effort (force sense) (Martin and
Jessell, 1991; Riemann and Lephart, 2002). Proprioception is pro-
cessed at all levels of the CNS and is integrated with other so-
matosensory and visual and vestibular information before
culminating in a final motor command that co-ordinates the
.

activation patterns of skeletal muscles (Ghez, 1991; Shumway-Cook
and Woollacott, 2001).

1.1. Proprioceptors

Proprioception is the product of sensory information supplied
by specialized nerve endings termed mechanoreceptors, i.e.,
transducers converting mechanical stimuli to action potentials for
transmission to the CNS (Martin and Jessell,1991; Yahia et al., 1992).
Mechanoreceptors specifically contributing to proprioception are
termed proprioceptors and are found in muscle, tendon, joint and
fascia, receptors in the skin can also contribute to proprioception
(Martin and Jessell, 1991; Rothwell, 1994). The type and actions of
the various mechanoreceptors in the human body are presented in
Table 1.

The muscle spindles, found in all skeletal muscles in parallel
with the extrafusal muscle fibers (Peck et al., 1984; Kulkarni et al.,
2001; Banks, 2006) are considered the most important source of
proprioception (Gordon and Ghez, 1991; Proske and Gandevia,
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Table 1
Mechanoreceptors of the human body.

Mechanoreceptors Type Stimulation

Muscle-tendon unit Muscle spindle Muscle length
Velocity of change of muscle
length

Golgi tendon organ Active muscle tension
Joint Ruffini ending

Pacinian ending
Mazzoni ending
Golgi ending

Low and high load tension and
compression loads throughout
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

Martin and Jessell (1991), Rothwell (1994), Yahia et al. (1992), Sojka et al. (1989),
Johansson et al. (1990), Needle et al. (2013).
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2012). They are highly sensitive and their density varies widely
throughout the body, reflecting different functional demands. The
sub-occipital muscles of the neck have an exceptionally high den-
sity of muscle spindles, thought to reflect the cervical spine's
unique role in head and eye movement control (Liu et al., 2003).
Importantly the sensitivity of the muscle spindles can be adjusted
via innervation of the polar ends of the intrafusal muscle fibers by
gamma motorneurons (Gordon and Ghez, 1991).

Joint proprioceptors have historically been considered “limit
detectors”, stimulated at the extremes of joint range-of-motion
(ROM) (Burgess and Clark, 1969). However it is now known that
joint proprioceptors provide input throughout a joint's entire ROM
under both low and high load conditions stimulating strong dis-
charges from themuscle spindle and are thus vital for joint stability
(Sojka et al., 1989; Johansson et al., 1990; Needle et al., 2013).
1.2. Role of proprioceptors

Proprioceptive information is processed at the spinal level, brain
stem and higher cortical centers, as well as subcortical cerebral
nuclei and cerebellum (Bosco and Poppele, 2001; Amaral, 2013;
Lisberger and Thach, 2013; Pearson and Gordon, 2013). The infor-
mation is mainly transferred, via several ascending pathways, to
the medulla and thalamus and then to somatosensory cortex
(conscious proprioception); or via the spinal nucleus to the cere-
bellum (unconscious proprioception) (Fig. 1). Cervical propriocep-
tive information is also transferred to the superior colliculus in the
midbrain which is thought to be the reflex center for eye and head
movement co-ordination (Corneil et al., 2002). Cervical pro-
prioceptors also have important central connections to the vestib-
ular nuclei (Figs. 1 and 2) and are involved in reflexes involving
head and eye movement control and balance (the cervico-ocular,
cervico-collic and the tonic neck reflex) (Bronstein et al., 1991;
Gdowski and McCrea, 2000; Peterson, 2004). These work in
conjunction with other reflexes acting on the neck and eye
musculature associated with the vestibular and visual systems
(Fig. 3).

The role of proprioception in sensorimotor control is multifold.
To plan appropriate motor commands, the CNS needs an updated
body schema of the biomechanical and spatial properties of the
body parts, supplied largely by proprioceptors (Maravita et al.,
2003). Proprioception is important also after movement for com-
parison of actual movement with intended movement, as well as
the predicted movement supplied by the efference copy (corollary
discharge). This is suggested to have importance for motor learning
by updating of the internal forward model of the motor command
(Wolpert et al., 2011). During movements proprioception has
importance for: feedback (reactive) control, feedforward (prepa-
ratory) control and the regulation of muscle stiffness, to achieve
specific roles formovement acuity, joint stability, co-ordination and
balance (Ghez, 1991; Riemann and Lephart, 2002; Milner et al.,
2007). Cervical proprioceptive information also has a highly
important specific role for head and eye movement control (Corneil
et al., 2002). The roles of proprioception are summarized in Table 2.

2. Assessment of proprioception

A variety of tests have been developed to investigate proprio-
ception in individuals with musculoskeletal disorders. These tests
assess which individuals have significant impairment and are
valuable for the guidance and evaluation of rehabilitation
interventions.

2.1. Specific tests

Specific tests of proprioception assess an individual's status with
regard to JPS, kinesthesia, or force sense (Riemann et al., 2002;
Proske and Gandevia, 2012). Tests can be performed under pas-
sive (biasing joint mechanoreceptors) or active conditions (stimu-
lating joint and muscle-tendon mechanoreceptors) (Riemann et al.,
2002; Clark, 2014). JPS tests assess precision or accuracy in repo-
sitioning a joint at a predetermined target angle (Lephart et al.,
1994; Benjaminse et al., 2009). Kinesthesia tests assess the ability
to perceive joint movement measured using threshold to detection
of passive motion (TTDPM) (Lephart et al., 1994; Benjaminse et al.,
2009), movement discrimination tests (Waddington et al., 1999;
Waddington et al., 2000), or the acuity of a tracking task
(Kristjansson and Oddsdottir, 2010). Force sense tests assess the
ability to perceive and produce a previously generated and pre-
determined sub-maximal quantity of force (Dover and Powers,
2003;; O'Leary et al., 2005; Benjaminse et al., 2009).

Several variables are commonly calculated in JPS, TTDPM and
force sense tests. Variables include constant error (CE), variable
error (VE), and absolute error (AE) (Schmidt and Lee, 2011). These
variables are intended to describe different aspects of JPS and force
sense (Fig. 4). Acuity at a pursuit or tracking task is commonly
presented as deviation from target, or time on target (Schmidt and
Lee, 2011).

Researchers have used three to five test trials to generate reli-
able mean values at the extremity joints (Dover and Powers, 2003;
Benjaminse et al., 2009; Nagai et al., 2012). In tests of spinal pro-
prioception 6 trials are recommended (Allison and Fukushima,
2003; Swait et al., 2007).

A limitation of these proprioception tests is they involve
cognitive components and provide an indirect measure of propri-
oception. Other factors can also affect results. The size and speed of
the movement should be standardized, or specific to a functional
task (Preuss et al., 2003; Suprak et al., 2007). Larger errors can be
expected when assessing children and the elderly compared to
younger adults (Goble, 2010). Muscle thixotropy, which is history
dependent passive stiffness of the muscle (Lakie et al., 1984), can
also affect the results and thus isometric contraction of the muscle
at the test position before assessment, especially in passive tests,
i.e., prior to the passive movement, is recommended (Proske and
Gandevia, 2012).

2.2. Non-specific tests

Functional tests such as balance tests are often used to provide
an estimate of potential proprioceptive disturbances. However,



Fig. 1. Ascending pathways relating to proprioception. A) Dorsal column Medial lemniscus pathway to Cerebral Cortex for conscious proprioception. Proprioceptive information is
transmitted via the dorsal columnwhich is formed by axons of the dorsal root ganglia. These travel to the medulla to synapse in one of the dorsal column nuclei e the gracile nucleus
(lower body) or cuneate nucleus (upper body and arm). These fibers then sweep ventrally andmedially to cross themidline to form themedial lemniscus which projects to the ventral
posterior lateral (VPL) nucleus of the thalamus and then projects to the relevant somatosensory area of the cerebral cortex. Lower limb axons of the dorsal spinocerebellar tract (B) also
branch to the nucleus z which then joins themedial lemniscus and projects information from the lower limb to the cerebral cortex. Input from the face, teeth and head enter the brain
stem at the level of the pons and synapse in several brain stem nuclei including the mesencephalic nucleus, main sensory nucleus and the spinal nuclei of the trigeminal nerve. Some
fibers also ascend to join the spinotrigeminal tract with input from the upper cervical spine. From the reticular formation they join the trigeminothalamic tract to the ventral posterior
medial (VPM) thalamic nucleus and this is relayed to the relevant area of the somatosensory cerebral cortex. Input from the cervical spine is also projected via the spinotectal tract to the
superior colliculus which is located in the midbrain and is a reflex center for co-ordination between the visual system and the neck. B) Spinocerebellar pathway to the Cerebellum for
unconscious proprioception. For the trunk and lower part of the leg, dorsal root ganglion cells synapse in the dorsal nuclei then on to the gracilis funiculus to form the dorsal spi-
nocerebellar tract which enters the cerebellum via the inferior cerebellar peduncle. The ventral spinocerebellar tract also supplies input from the lower limb to the cerebellumvia the
superior cerebellar peduncle. For the upper limb, dorsal root ganglia from the cervical spine ascend in the cuneate fasciculus to the external cuneate nucleus forming the cuneocer-
ebellar tract and enter the cerebellumvia the inferior cerebellar peduncle. Proprioceptive input from the face and head projects to the spinal trigeminal nucleus plus the main sensory
nucleus to form the trigeminocerebellar tract and ascends to the cerebellumvia the inferior peduncles. Information is also projected from themesencephalic nucleus to the cerebellum
via the superior cerebellar peduncle (Rothwell, 1994; Bosco and Poppele, 2001; Amaral, 2013; Pearson and Gordon, 2013; Lisberger and Thach, 2013).
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these are not specific tests of proprioception or a body part as they
involve all areas of the body and other sensory andmotor functions.
Therefore, specific perturbations of sensory information during the
test are sometimes used to differentiate proprioceptive function.
For example, vibration to disturb muscles spindles (Goodwin et al.,
1972; Brumagne et al., 2000), occluding or perturbed vision to
decrease reliance on vision and changing head position or applying
galvanic current to the mastoid process to disturb vestibular in-
formation (Fitzpatrick et al., 1994; Hwang et al., 2014). Soft (un-
stable) surfaces in standing can be used to disturb the ankle and
place more emphasis on other areas of the body or other sensory
systems (Kiers et al., 2012), or alternatively challenge propriocep-
tive reflexes and ankle joint stability since the monosynaptic
stretch reflex is intact (Chiang and Wu, 1997) and neuromuscular
co-contractions are increased on soft surfaces (Mohapatra et al.,
2014). Positioning the body in a neck torsion position by rotating
the trunk under a stationary head and comparing to a neutral
headetrunk position, with vision occluded during balance tests,
has recently been suggested as a possible method to bias the cer-
vical proprioceptors (Yu et al., 2011).
In cervical pain disorders oculomotor and eyeehead co-
ordination tests are often included as non-specific proprioception
tests due to the neurophysiological connections between cervical
proprioceptors and visual and vestibular organs (Treleaven, 2008).

3. Causes of altered proprioception

Disturbed proprioception has been found to be associated with
several musculoskeletal disorders and/or experimental conditions
following pain, effusion and trauma as well as fatigue.

3.1. Pain

Abundant research has reported disturbed proprioception in
acute and chronic musculoskeletal pain disorders at the cervical
(Treleaven et al., 2003; Sj€olander et al., 2008; Kristjansson and
Oddsdottir, 2010) and lumbar (Lee et al., 2010; Williamson and
Marshall, 2014) spine, as well as upper (Juul-Kristensen et al.,
2008; Anderson and Wee, 2011) and lower (Sharma et al., 2003;
Salahzadeh et al., 2013) extremities. In the presence of pain,



Fig. 2. Ascending and descending pathways and connections to the vestibular and visual systems relevant for proprioception.
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proprioception can be disturbed due to altered reflex activity and
sensitivity of the gamma-muscle spindle system (Johansson et al.,
2003) via activation of chemosensitive type III and IV afferents
(nociceptors). Animal models have shown profound effects on
muscle spindle afferents from intramuscular and intracapsular in-
jections of inflammatory substances (Djupsj€obacka et al., 1995;
Thunberg et al., 2001). Disturbed proprioception has also been
seen in human experimental painmodels (Weerakkody et al., 2008;
Malmstr€om et al., 2013). Pain can moreover influence body
perception at the central level (Rossi et al., 2003; Haggard et al.,
2013), including reorganization of the somatosensory cortex
(Moseley and Flor, 2012). Thus pain can negatively influence pro-
prioception at both peripheral and central levels of the nervous
system.

3.2. Effusion

The term ‘joint effusion’ refers to swelling within a joint capsule,
common after acute extremity joint injury, potentially persisting
for extended periods of time (Frobell et al., 2009). Joint effusions
Fig. 3. Proprioceptive reflex activity relating to b
can cause significant inhibition of skeletal muscle, and can, also in
the absence of pain, significantly impair extremity proprioception
(Baxendale and Ferrell, 1987; Cho et al., 2011).

3.3. Trauma

Trauma, here referred to a single known event that causes
physical injury (vanMechelen et al., 1992), frequently presents with
disruption of musculoskeletal tissues and concurrent damage or
destruction of mechanoreceptors innervating those tissues (Dhillon
et al., 2010; Bali et al., 2012). Following trauma, and after pain and
swelling have resolved, the loss of musculoskeletal tissue and its
mechanoreceptors is associated with persistent impairment of
proprioception (Smith and Brunolli, 1989; Borsa et al., 1997;
Willems et al., 2002).

3.4. Fatigue

Muscle fatigue involves several peripheral and central changes,
including altered metabolic state, muscle activation patterns,
alance and head and eye movement control.



Table 2
The role of proprioception in sensorimotor control for feedback (reactive) control, feed-forward (preparatory) control and regulation of muscle stiffness is summarized below.
These control systems are used to achieve specific functional roles of movement acuity, joint stability, co-ordination and balance, and in the case of cervical proprioception,
head and eye movement control.

Role Source of
proprioceptor
input to CNS

CNS processing
level

CNS processing
characteristics

Characteristics of Motor output from CNS and functional consequences

Feedback
Sensorimotor
Control

Muscle spindle Spinal cord Monosynaptic reflex � Stimulation of alpha motor neurons innervating extrafusal muscle
fibers of the same muscle

� Inhibition of alpha motor neurons innervating extrafusal muscle
fibers of the opposing muscle

� Stretch reflex
� Reactive muscle activation

Golgi tendon
organ

Spinal cord Polysynaptic reflexes � Inhibition of alpha motor units innervating extrafusal muscle
fibers of the same muscle

� Reactive muscle inhibition
Muscle, tendon,
joint, fascia

Cerebral cortex
and subcortical

Polysynaptic reflexes � Co-ordinated stimulation of descending tracts innervating ipsilateral
and/or contralateral muscle groups

� Reactive muscle activation and inhibition
Muscle, tendon,
joint, fascia

Cerebral cortex
and subcortical

Voluntary reaction � Co-ordinated stimulation of descending tracts innervating ipsilateral
and/or contralateral muscle groups

� Reactive muscle activation and inhibition
Feed-forward

Sensorimotor
Control

Muscle, tendon,
joint, fascia

Cerebral cortex
and subcortical

Preparatory motor
commands

� Activation of alpha and gamma motor neurons
� Preparatory muscle activation and inhibition before main movement

Muscle, tendon,
joint, fascia

Cerebellum Copy of motor
command (efference
copy, or corollary
discharge) based on
past events.

� Allows for rapid prediction of the result of the motor command
� Preprocess planning and activation of upcoming motor command
� Predictions are compared with sensory information formulated

from the motor command.

Regulation of
Muscle Stiffness

Muscle spindle Spinal cord Monosynaptic � Stimulation of alpha motor neurons innervating extrafusal muscle
fibers of the same muscle

� Increase in stiffness of the same muscle
� Inhibition of alpha motor neurons innervating extrafusal muscle

fibers of the opposing muscle
� Decrease in stiffness of the opposing muscle

Golgi tendon
organ

Spinal cord Polysynaptic � Inhibition of alpha motor units innervating extrafusal muscle
fibers of the same muscle

� Decrease in stiffness of the same muscle
Joint Spinal cord Polysynaptic � Stimulation of gamma motor neurons innervating the muscle spindle

� Modification of muscle spindle sensitivity, intensity of the stretch
reflex, and resulting muscle stiffness

� Joint-muscle reflex (joint mechanoreceptors modulate muscle
stiffness via their actions on gamma motor neurons)

Muscle, tendon,
joint

Brainstem (and
cerebrum and
cerebellum)

Polysynaptic � Stimulation of gamma motor neurons innervating the muscle spindle
� Modification of muscle spindle sensitivity and thereby muscle stiffness

(Johansson et al., 1990; Rothwell, 1994; Bosco and Poppele, 2001; Amaral, 2013; Pearson and Gordon, 2013) Lisberger and Thach (2013).
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muscle spindle discharge and spinal reflexes, and increased sense
of effort (Enoka and Stuart, 1992; Gandevia, 2001). A common
phenomenon after performing hard physical work or exercise
(especially eccentric training) is the experience of clumsiness and
difficulty performing fine motor tasks, verified in several studies
demonstrating impaired proprioception (Weerakkody et al., 2003;
Iwasa et al., 2005; Johanson et al., 2011; Tsay et al., 2012). Thus the
potential for increased injury risk during and after exhausting
physical work, such as among athletes and other physically
demanding professions.

In addition to the causes mentioned above, deleterious effects
on proprioception have also been reported in association with
conditions such as local (Lephart et al., 1994) and general (Hall et al.,
1995) joint hypermobility, stenosis (Leinonen et al., 2002) as well as
due to immobilization (Moisello et al., 2008).

4. Consequences of altered proprioception

In the short term, disturbed proprioception is likely to have
adverse influence on feedback and feedforward motor control and
the regulation of muscle stiffness. This may explain clinical symp-
toms such as balance disturbance and clumsiness in musculoskel-
etal disorders (Treleaven, 2011). It may also explain various
sensorimotor dysfunctions (besides increased errors in specific
proprioception tests), which have been reported in the research
literature. These dysfunctions include reduced drive to alpha motor
neurons (Konishi et al., 2002), disturbed reflex joint stabilization
(Beard et al., 1994), increased postural sway in balance tasks
(Radebold et al., 2001; Treleaven et al., 2005; R€oijezon et al., 2011)
and increased error in visual movement acuity tasks (Sandlund
et al., 2008; Williamson and Marshall, 2014). Altered propriocep-
tion is also likely to be involved, together with multiple other
mechanisms, in neuromuscular adaptations commonly found in
pain disorders (Falla and Farina, 2008; Hodges, 2011). Dizziness,
visual disturbances and altered head and eye movement control
and co-ordination can also occur specifically as a result of disturbed
cervical proprioception (Treleaven, 2008; Treleaven and Takasaki,
2014).

In the long term, altered proprioception and subsequent
impaired motor output from the CNS and deficient muscular pro-
tection of joint tissues (Stokes and Young, 1984; Hurley, 1997, 1999)
may be patho-physiologically associated with increased risk of
injury and recurrence and persistence of pain disorders, including
the onset and progression of secondary (post-injury) osteoarthrosis
(OA). Reduced muscle performance (Elmqvist et al., 1988; Konishi
et al., 2002), as a consequence of altered mechanoreceptor input



Fig. 4. Calculation of constant error (CE), variable error (VE) and absolute error (AE) in 2-dimensional (A) and 1-dimensional (B) assessments of joint position sense. CE, VE and AE
display different aspects of the ability to reproduce a predetermined target. CE is the deviation from the target where each value is described by a positive (overshoot) or negative
(undershoot) number. CE gives an indication of accuracy as an average magnitude of the movements, and an indication of any systematic error, i.e., whether the person is generally
overshooting or undershooting the target. VE is the variance, or consistency, of the values regardless of how accurate (close to the target) the measures are and provides an estimate
of precision. AE is the absolute difference from the target regardless of direction and gives an indication of the accuracy as overall amplitude of the error without consideration of
error direction (Schmidt and Lee, 2011).
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from injured structures to the CNS has been associated with the
onset and progression of peripheral joint OA (Segal et al., 2010) in
humans. This has also been demonstrated in animals where se-
lective ligament and mechanoreceptor resection resulted in a rapid
onset and progression of OA (O'Connor et al., 1985; O'Connor et al.,
1992).

Poor proprioception may also contribute to increased injury risk
(Zazulak et al., 2007) and training directed towards improving
proprioception has been associated with reduced injury risk
(Hupperets et al., 2010). Thus interventions targeting propriocep-
tion is relevant both in prevention and rehabilitation of musculo-
skeletal disorders.
5. Interventions to improve proprioception

Based on neurophysiology and the causes behind disturbed
proprioception, several interventions may be considered for
enhancingproprioception. In this paper, the theoretical basis behind
general methods that aim to either reduce inhibition of proprio-
ception or to improve proprioception are presented. Part 2 of this
Masterclass offers specific clinical examples and research regarding
interventions effects to improve proprioception, with specific clin-
ical examples for the extremities and the spine (Clark et al., 2014).
5.1. Reduce causes of ‘inhibition’ of proprioception

Therapies aimed at reducing pain and effusion (e.g., analgesics,
cryotherapy and compression) would theoretically have potential
to improve proprioception via the reduction in causes of disturbed
proprioception, although this still needs to be evaluated in clinical
studies. Further, due to the deteriorating effect of fatigue on pro-
prioception, an adequate “protection” may be to train muscle per-
formance (strength and endurance) to increase the threshold
before fatigue occurs and to reduce the negative effects of fatigue
(Hassanlouei et al., 2014). Importantly, from a clinical perspective,
pain, effusion and fatigue should be addressed and in addition,
specific proprioception training should be performed without
provoking pain, effusion or significant fatigue since they all can
have a negative effect on proprioception and motor learning
(Boudreau et al., 2010; Schmidt and Lee, 2011).
5.2. Augmentation of somatosensory information

Augmentation of somatosensory information via passive tech-
niques 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, and in the case of manual therapy it has been suggested
to involve plastic changes in sensory integration within the CNS
(Haavik & Murphy, 2012). Specifically, exercise is an important
element in augmenting proprioception. The muscle spindles are
considered the most potent proprioceptors and are always stimu-
lated during active movements as a consequence of alphaegamma
activation (Gordon and Ghez, 1991). The GTOs are also potent and
sensitive mechanoreceptor to forces generated by active move-
ments (Gordon and Ghez, 1991; Rothwell, 1994). Thus any active
exercise can be considered ‘proprioceptive training’ (Clark and
Herrington, 2010). Consequently there is abundance of research
looking at various exercise methods to improve proprioception. The
neurophysiological effects of exercise, including exercises specif-
ically designed to stimulate proprioception will be explored in the
following sections.
5.3. Exercise therapy effects on proprioception

Although any exercise will stimulate proprioceptors it is well
established that various exercise tasks will challenge the nervous
system in different ways (Jensen et al., 2005; Adkins et al., 2006;
Taube et al., 2008; Doyon et al., 2009) and that neural changes
differ in various learning phases (Doyon et al., 2003). For example,
muscle performance training has been found to induce angiogen-
esis with increased blood flow in the motor cortex and to enhance
spinal reflexes, whilst motor skill tasks may preferentially have
plastic effects at higher levels of the CNS (Adkins et al., 2006). Some
studies suggest that muscle performance training per se, i.e., when
performed without any challenge regarding motor skills, does not
significantly improve proprioception (Jensen et al., 2005; Lin et al.,
2009), however, several other studies have demonstrated propri-
oceptive improvements with this type of exercise (Docherty et al.,
1998; Rogol et al., 1998). Moreover, there are studies on muscle
performance training reporting enhanced proprioception in
weight-bearing (closed kinetic chain) compared to non weight-
bearing (open kinetic chain) exercises (Jan et al., 2009), whilst
others report equal effects (Rogol et al., 1998). In practice it is likely
that a combined approach of various exercises is required to ach-
ieve optimal results and due to specificity effects, exercises should
preferably resemble functional activities of the specific body parts.

5.4. Motor skill training-implicit and explicit

Training methods with the specific aim to improve proprio-
ception commonly involve specific acuity tasks targeting JPS, kin-
esthesia or sense of force, or some kind of unstable dynamic system
to train balance, co-ordination and dynamic stability and simulta-
neously train multiple components of the sensorimotor control
system (Lephart et al., 1997). Common to these exercise tasks is that
they involve learning motor skills, explicit or implicit. In relation to
Doyons and colleague's model on sequential learning vs motor
adaptations (Doyon and Benali, 2005; Doyon et al., 2009), explicit
tasks targeting precise movements may have similarities with
motor sequential learning which primarily involves the cortico-
striatal (basal ganglia) system (conscious and unconscious propri-
oception); while implicit tasks, involving an unstable system, pri-
marily involves the cortico-cerebellar system (unconscious
proprioception) through motor adaptation due to the inherently
changing (unstable) environment.

Training explicit motor skills, such as precise repositioning
tasks, have shown to have a preferential effect on the reorganiza-
tion within the motor cortex of the CNS, when compared to muscle
performance training (performed without involvement of motor
skill) of the same body part (Jensen et al., 2005; Adkins et al., 2006).
These plastic changes include increases in protein synthesis, syn-
aptogenesis and map reorganization and are closely related to
improved task performance (Jensen et al., 2005; Adkins et al.,
2006).

Implicit motor skills training, such as with an unstable surface or
object, involves some degree of uncertainty and, therefore,
continuous sensory input, CNS processing, and motor actions and
reactions to adjust motor commands (Taube et al., 2008; Franklin
and Wolpert, 2011). Neurophysiological studies have demon-
strated central adaptations at multiple levels due to exercises using
unstable surfaces, including increased cerebellar and subcortical
activity in combination with reduced spinal reflex excitability and
cortical activity, and that these adaptations are task specific (Taube
et al., 2008).

A common finding during initial unstable task training is
increased co-activation of agonists and antagonists (Burdet et al.,
2001; Franklin et al., 2003; Cimadoro et al., 2013), related to the
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level of instability (Franklin et al., 2004; Selen et al., 2009). This
increases joint stability but also effort and energy. As training
progresses, muscle activity declines due to adaptation of feedback
and feedforward control (Franklin et al., 2007). It has been sug-
gested that this learning effect occurs partly by the CNS building an
internal forward model used in feedforward control to minimize
motion error and effort while maintaining stability (Kadiallah et al.,
2012), and that muscle spindle afferents contribute in predicting
future kinematic states by acting as forward internal sensory
models in learned skills (Dimitriou and Edin, 2010). Feedback
control, including long latency feedback responses, also adapt due
to context and task demands as learning occurs (Pruszynski and
Scott, 2012; Cluff and Scott, 2013).

5.4.1. Sensory reweighting
There are indications that the CNS is reweighting proprioceptive

input from different body parts depending on the task conditions.
For example, during a standing balance task, on a soft compared to
hard surface, the muscle spindles in the lower leg (triceps surae)
have less importance, while proprioception from lumbar muscles
gain importance (Kiers et al., 2012). This immediate reweighing
may be explained by less reliable muscle spindle information from
the anklemuscles, or a change from an ankle to a hip strategy (Kiers
et al., 2012). However, it is still not clear if this reweighting remains
over a period of training. Similar sensory reweighting has been
reported for new visuomotor tasks, where reduced muscle spindle
input (Jones et al., 2001) and primary somatosensory cortex activity
(Bernier et al., 2009) was seen initially, probably in order to reduce
sensory conflict. As performance improved with training, the so-
matosensory suppression was alleviated; indicating increased
reliance on somatosensory information is a learning effect (Bernier
et al., 2009). Nevertheless more research on sensory reweighting
and its effects of training is required, especially on individuals with
musculoskeletal disorders.

5.4.2. Clinical considerations of exercise therapy
Any active exercise will activate proprioceptors, but various

exercises will activate proprioceptors and the specific levels of CNS
differently and this has implications for the individual person.
Clinically a combined approach is required but emphasis should be
based on the functional requirements of the specific joint or area of
the body, the individual functional level and abilities, as well as the
specific requirement of the person's daily life, including work,
household and leisure time activities and contexts. Various clinical
examples of such training methods and their effect on proprio-
ception are presented in Part 2 of this Masterclass series (Clark
et al., 2014), where they are categorized into: active joint reposi-
tioning, force sense, co-ordination, muscle performance, balance/
unstable surface, plyometric and vibration training.

6. Summary

Proprioception is essential for effectual sensorimotor control,
with important roles for feedback and feedforward control and the
regulation of muscle stiffness, which are important for movement
acuity, joint stability, co-ordination and balance. Cervical proprio-
ception is distinctive due to neural connections to visual and
vestibular systems, and its specific role for eyeehead movement
control. Proprioception can be disturbed in musculoskeletal disor-
ders due to multiple causes including pain, effusion, trauma and
fatigue; involving both peripheral and central pathophysiological
changes of the nervous system. Disturbed proprioception can lead
to immediate sensorimotor control disturbances, which in turn
may lead to long term consequences for musculoskeletal disorders.
Specific methods for assessment and intervention targeting
proprioception have been developed. Reducing the causes of the
inhibition of proprioception and augmenting proprioceptive input
are important strategies in clinical management, with specific
emphasis placed on exercise therapy. Specific proprioception
training should be performed without provoking fatigue, effusion
or pain since theymay have a negative effect on proprioception and
motor learning. While any active movement stimulates pro-
prioceptors, various exercises do affect proprioception and the CNS
differently. Due to the task specific effects, proprioception training
should be integrated into functional exercises in situations and
activities that are relevant to the body part and individual.
Acknowledgement

Ulrik R€oijezon was partly funded by grants from the Swedish
Council for Working Life and Social Research (2010-0814).
References

Adkins DL, Boychuk J, Remple MS, Kleim JA. Motor training induces experience-
specific patterns of plasticity across motor cortex and spinal cord. J Appl
Physiol 2006;101(6):1776e82.

Allison GT, Fukushima S. Estimating three-dimensional spinal repositioning error:
the impact of range, posture, and number of trials. Spine 2003;28(22):2510e6.

Amaral D. The functional organization of perception and movement. In: Kandel E,
Schwartz J, Jessell T, Siegelbaum S, Hudspeth A, editors. Principles of neural
science. New York: McGraw Hill; 2013. p. 356e69.

Anderson VB, Wee E. Impaired joint proprioception at higher shoulder elevations in
chronic rotator cuff pathology. Arch Phys Med Rehabil 2011;92(7):1146e51.

Bali K, Dhillon M, Vasistha R, Kakkar N, Chana R, Prabhakar S. Efficacy of immu-
nohistological methods in detecting functionally viable mechanoreceptors in
the remnant stumps of injured anterior cruciate ligaments and its clinical
importance. Knee Surg Sports Traumatol Arthrosc 2012;20(1):75e80.

Banks RW. An allometric analysis of the number of muscle spindles in mammalian
skeletal muscles. J Anat 2006;208(6):753e68.

Baxendale R, Ferrell W. Disturbances of proprioception at the human knee resulting
from acute joint distension. J Physiol 1987;392:60.

Beard DJ, Kyberd PJ, Oconnor JJ, Fergusson CM, Dodd CAF. Reflex hamstring
contraction latency in anterior cruciate ligament deficiency. J Orthop Res
1994;12(2):219e28.

Benjaminse A, Sell T, Abt J, House A, Lephart S. Reliability and precision of hip
proprioception methods in healthy individuals. Clin J Sport Med 2009;19(6):
457e63.

Bernier P-M, Burle B, Vidal F, Hasbroucq T, Blouin J. Direct evidence for cortical
suppression of somatosensory afferents during visuomotor adaptation. Cereb
Cortex 2009;19(9):2106e13.

Borsa P, Lephart S, Irrgang J, Safran M, Fu F. The effects of joint position and di-
rection of joint motion on proprioceptive sensibility in anterior cruciate
ligament-deficient athletes. Am J Sports Med 1997;25(3):336e40.

Bosco G, Poppele RE. Proprioception from a spinocerebellar perspective. Physiol Rev
2001;81(2):539e68.

Boudreau SA, Farina D, Falla D. The role of motor learning and neuroplasticity in
designing rehabilitation approaches for musculoskeletal pain disorders. Man
Ther 2010;15(5):410e4.

Bronstein AM, Mossman S, Luxon LM. The neck-eye reflex in patients with reduced
vestibular and optokinetic function. Brain 1991;114:1e11.

Brumagne S, Cordo P, Lysens R, Verschueren S, Swinnen S. The role of paraspinal
muscle spindles in lumbosacral position sense in individuals with and without
low back pain. Spine 2000;25(8):989e94.

Burdet E, Osu R, Franklin DW, Milner TE, Kawato M. The central nervous system
stabilizes unstable dynamics by learning optimal impedance. Nature
2001;414(6862):446e9.

Burgess P, Clark F. Characteristics of knee joint receptors in the cat. J Physiol
1969;203(2):317e35.

Chiang JH, Wu G. The influence of foam surfaces on biomechanical variables
contributing to postural control. Gait Posture 1997;5(3):239e45.

Cho Y, Hong B, Lim S, Kim H, Ko Y, Im S, et al. Effects of joint effusion on proprio-
ception in patients with knee osteoarthritis: a single-blind, randomized
controlled clinical trial. Osteoarthr Cartil 2011;19(1):22e8.

Cimadoro G, Paizis C, Alberti G, Babault N. Effects of different unstable supports on
EMG activity and balance. Neurosci Lett 2013;548:228e32.

Clark N. Predictors of knee functional joint stability in uninjured physically active
adults [Doctor of Philosophy Thesis]. University of Pittsburgh; 2014.

Clark N, Herrington L. The knee. In: Comfort P, Abrahamson E, editors. Sports
rehabilitation and injury prevention. Chichester: John Wiley; 2010. p. 407e63.

Clark N, R€oijezon U, Treleaven J. Proprioception in musculoskeletal rehabilitation.
Part 2: clinical assessment and intervention. Man Ther 2014. http://dx.doi.org/
10.1016/j.math.2015.01.009. published online January 28 2015.

http://refhub.elsevier.com/S1356-689X(15)00010-7/sref1
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref1
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref1
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref1
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref2
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref2
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref2
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref3
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref3
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref3
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref3
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref4
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref4
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref4
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref5
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref5
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref5
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref5
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref5
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref6
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref6
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref6
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref7
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref7
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref8
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref8
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref8
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref8
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref9
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref9
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref9
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref9
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref10
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref10
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref10
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref10
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref11
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref11
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref11
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref11
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref12
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref12
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref12
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref13
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref13
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref13
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref13
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref14
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref14
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref14
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref15
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref15
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref15
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref15
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref16
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref16
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref16
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref16
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref17
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref17
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref17
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref18
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref18
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref18
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref19
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref19
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref19
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref19
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref20
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref20
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref20
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref21
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref21
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref22
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref22
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref22
http://dx.doi.org/10.1016/j.math.2015.01.009
http://dx.doi.org/10.1016/j.math.2015.01.009


U. R€oijezon et al. / Manual Therapy 20 (2015) 368e377376
Cluff T, Scott SH. Rapid feedback responses correlate with reach adaptation and
properties of novel upper limb loads. J Neurosci 2013;33(40):15903e14.

Corneil BD, Olivier E, Munoz DP. Neck muscle responses to stimulation of monkey
superior colliculus. I. Topography and manipulation of stimulation parameters.
J Neurophysiol 2002;88(4):1980e99.

Dhillon M, Bali K, Vasistha R. Immunohistological evaluation of proprioceptive
potential of the residual stump of injured anterior cruciate ligaments (ACL). Int
Orthop 2010;34(5):737e41.

Dimitriou M, Edin BB. Human muscle spindles act as forward sensory models. Curr
Biol 2010;20(19):1763e7.

Djupsj€obacka M, Johansson H, Bergenheim M, Wenngren BI. Influences on the
gamma-muscle-spindle system from muscle afferents stimulated by increased
intramuscular concentrations of bradykinin and 5-ht. Neurosci Res 1995;22(3):
325e33.

Docherty C, Moore J, Arnold B. Effects of strength training on strength development
and joint position sense in functionally unstable ankles. J Athl Train 1998;33(4):
310e4.

Dover G, Powers M. Reliability of joint position sense and force-reproduction
measures during internal and external rotation of the shoulder. J Athl Train
2003;38(4):304e10.

Doyon J, Benali H. Reorganization and plasticity in the adult brain during learning of
motor skills. Curr Opin Neurobiol 2005;15(2):161e7.

Doyon J, Penhune V, Ungerleider LG. Distinct contribution of the cortico-striatal and
cortico-cerebellar systems to motor skill learning. Neuropsychologia
2003;41(3):252e62.

Doyon J, Bellec P, Amsel R, Penhune V, Monchi O, Carrier J, et al. Contributions of the
basal ganglia and functionally related brain structures to motor learning. Behav
Brain Res 2009;199(1):61e75.

Elmqvist L, Lorentzon R, Johansson C, Fugl-Meyer A. Does a torn anterior cruciate
ligament lead to change in the central nervous drive of the knee extensors? Eur
J Appl Physiol 1988;58(1e2):203e7.

Enoka RM, Stuart DG. Neurobiology of muscle fatigue. J Appl Physiol 1992;72(5):
1631e48.

Falla D, Farina D. Neuromuscular adaptation in experimental and clinical neck pain.
J Electromyogr Kinesiol 2008;18(2):255e61.

Fitzpatrick R, Burke D, Gandevia SC. Task-dependent reflex responses and move-
ment illusions evoked by galvanic vestibular stimulation in standing humans.
J Physiol Lond 1994;478(2):363e72.

Franklin DW, Wolpert DM. Computational mechanisms of sensorimotor control.
Neuron 2011;72(3):425e42.

Franklin DW, Osu R, Burdet E, Kawato M, Milner TE. Adaptation to stable and un-
stable dynamics achieved by combined impedance control and inverse dy-
namics model. J Neurophysiol 2003;90(5):3270e82.

Franklin DW, So U, Kawato M, Milner TE. Impedance control balances stability
with metabolically costly muscle activation. J Neurophysiol 2004;92(5):
3097e105.

Franklin DW, Liaw G, Milner TE, Osu R, Burdet E, Kawato M. Endpoint stiffness of the
arm is directionally tuned to instability in the environment. J Neurosci
2007;27(29):7705e16.

Frobell R, Le Graverand M, Buck R, Roos E, Roos H, Tamez-Pena J, et al. The acutely
ACL injured knee assessed by MRI: changes in joint fluid, bone marrow lesions,
and cartilage during the first year. Osteoarthr Cartil 2009;17(2):161e7.

Gandevia SC. Spinal and supraspinal factors in human muscle fatigue. Physiol Rev
2001;81(4):1725e89.

Gdowski GT, McCrea RA. Neck proprioceptive inputs to primate vestibular nucleus
neurons. Exp Brain Res 2000;135(4):511e26.

Ghez C. Voluntary movement. In: Kandel E, Schwartz J, Jessell T, editors. Principles
of neural science. London: Prentice-Hall International Inc.; 1991. p. 609e25.

Goble DJ. Proprioceptive acuity assessment via joint position matching: from basic
science to general practice. Phys Ther 2010;90(8):1176e84.

Goodwin G, McCloskey D, Matthews P. The contribution of muscle afferents to
kinaesthesia shown by vibration induced illusions of movement and by the
effects of paralysing joint afferents. Brain 1972;95(4):705e48.

Gordon J, Ghez C. Muscle receptors and spinal reflexes: the stretch reflex. In:
Kandel E, Schwartz J, Jessell T, editors. Principles of neural science. London:
Prentice-Hall International; 1991. p. 564e80.

Haavik H, Murphy B. The role of spinal manipulation in addressing disordered
sensorimotor integration and altered motor control. Journal of Electromyog-
raphy and Kinesiology 2012;22(5):768e76.

Haggard P, Iannetti GD, Longo MR. Spatial sensory organization and body repre-
sentation in pain perception. Curr Biol 2013;23(4):R164e76.

Hall MG, Ferrell WR, Sturrock RD, Hamblen DL, Baxendale RH. The effect of the
hypermobility syndrome on knee-joint proprioception. Br J Rheumatol
1995;34(2):121e5.

Hassanlouei H, Falla D, Arendt-Nielsen L, Kersting UG. The effect of six weeks
endurance training on dynamic muscular control of the knee following
fatiguing exercise. J Electromyogr Kinesiol 2014;24(5):682e8.

Hodges PW. Pain and motor control: from the laboratory to rehabilitation.
J Electromyogr Kinesiol 2011;21(2):220e8.

Hupperets MDW, Verhagen E, Heymans MW, Bosmans JE, van Tulder MW, van
Mechelen W. Potential savings of a program to prevent ankle sprain recurrence
economic evaluation of a randomized controlled trial. Am J Sports Med
2010;38(11):2194e200.

Hurley M. The effects of joint damage on muscle function, proprioception and
rehabilitation. Man Ther 1997;2(1):11e7.
Hurley M. The role of muscle weakness in the pathogenesis of osteoarthritis. Rheum
Dis Clin North Am 1999;25(2):283e98.

Hwang S, Agada P, Kiemel T, Jeka JJ. Dynamic reweighting of three modalities for
sensor fusion. Plos One 2014;9(1).

Iwasa K, Miyamoto K, Shimizu K. Effects of erector spinae muscle fatigue on trunk
repositioning accuracy in forward and lateral flexion. J Back Musculoskelet
Rehabil 2005;18(3e4):61e6.

Jan MH, Lin CH, Lin YF, Lill JJ, Lin DH. Effects of weight-bearing versus nonweight-
bearing exercise on function, walking speed, and position sense in participants
with knee osteoarthritis: a randomized controlled trial. Arch Phys Med Rehabil
2009;90(6):897e904.

Jensen JL, Marstrand PCD, Nielsen JB. Motor skill training and strength training are
associated with different plastic changes in the central nervous system. J Appl
Physiol 2005;99(4):1558e68.

Johanson E, Brumagne S, Janssens L, Pijnenburg M, Claeys K, Paasuke M. The effect
of acute back muscle fatigue on postural control strategy in people with and
without recurrent low back pain. Eur Spine J 2011;20(12):2152e9.

Johansson H, Lorentzon R, Sj€olander P, Sojka P. The anterior cruciate ligament: a
sensor acting on the g-muscle-spindle systems of muscles around the knee
joint. Neuro Orthop 1990;9(1):1e23.

Johansson H, Arendt-Nilsson L, Bergenheim M, Blair S, van Dieen J, Djupsj€obacka M,
et al. Epilogue: an integrated model for chronic work-related myalgia “Brussels
Model”. In: Johansson H, Windhorst U, Djupsj€obacka M, Passatore M, editors.
Chronic work-related myalgia. Neuromuscular mechanisms behind work-
related chronic muscle pain syndromes. G€avle University Press; 2003.
p. 291e300.

Jones KE, Wessberg J, Vallbo A. Proprioceptive feedback is reduced during adap-
tation to a visuomotor transformation: preliminary findings. Neuroreport
2001;12(18):4029e33.

Juul-Kristensen B, Lund H, Hansen K, Christensen H, Donneskiold-Samsoe B,
Bliddal H. Poorer elbow proprioception in patients with lateral epicondylitis
than in healthy controls: a cross-sectional study. J Shoulder Elb Surg
2008;17(1):72Se81S.

Kadiallah A, Franklin DW, Burdet E. Generalization in adaptation to stable and
unstable dynamics. Plos One 2012;7(10).

Kiers H, Brumagne S, van Dieen J, van der Wees P, Vanhees L. Ankle proprioception
is not targeted by exercises on an unstable surface. Eur J Appl Physiol
2012;112(4):1577e85.

Konishi Y, Fukubayashi T, Takeshita D. Possible mechanism of quadriceps femoris
weakness in patients with ruptured anterior cruciate ligament. Med Sci Sports
Exerc 2002;34(9):1414e8.

Kristjansson E, Oddsdottir GL. “The fly”: a new clinical assessment and treatment
method for deficits of movement control in the cervical spine reliability and
validity. Spine 2010;35(23):E1298e305.

Kulkarni V, Chandy MJ, Babu KS. Quantitative study of muscle spindles in sub-
occipital muscles of human foetuses. Neurol India 2001;49:355e9.

Lakie M, Walsh EG, Wright GW. Resonance at the wrist demonstrated by the use of
a torque motor - an instrumental analysis of muscle tone in man. J Physiol Lond
1984;353(AUG):265e85.

Lee AS, Cholewicki J, Reeves NP, Zazulak BT, Mysliwiec LW. Comparison of trunk
proprioception between patients with low back pain and healthy controls. Arch
Phys Med Rehabil 2010;91(9):1327e31.

Leinonen V, Maatta S, Taimela S, Herno A, Kankaanpaa M, Partanen J, et al. Impaired
lumbar movement perception in association with postural stability and motor-
and somatosensory-evoked potentials in lumbar spinal stenosis. Spine
2002;27(9):975e83.

Lephart SM, Warner JJ, Borsa PA, Fu FH. Proprioception of the shoulder joint in
healthy, unstable, and surgically repaired shoulders. J Shoulder Elb Surg Am
Shoulder Elb Surg …[et al.] 1994;3(6):371e80.

Lephart S, Pincivero D, Giraldo J, Fu F. The role of proprioception in the management
and rehabilitation of athletic injuries. Am J Sports Med 1997;25(1):130e7.

Lephart S, Riemann F, Fu F. In: Lephart S, Fu F, editors. Introduction to the senso-
rimotor system. Proprioception and neuromuscular control in joint stability.
Illinois: Human Kinetics; 2000. xviiexxiv.

Lin DH, Lin CHJ, Lin YF, Jan MH. Efficacy of 2 non-weight-bearing interventions,
proprioception training versus strength training, for patients with knee oste-
oarthritis: a randomized clinical trial. J Orthop Sports Phys Ther 2009;39(6):
450e7.

Lisberger S, Thach T. In: Kandel E, Schwartz J, Jessell T, Siegelbaum S, Hudspeth A,
editors. The cerebellum. Principles of neural science. New York: McGraw Hill;
2013. p. 960e81.

Liu J, Thornell L, Pedrosa-Domellof F. Muscle sindles in the deep muscles of the
human neck: a morphological and immunocytochemical study. J Histochem
Cytochem 2003;51(2):175e86.

Malmstr€om EM, Westergren H, Fransson PA, Karlberg M, Magnusson M. Experi-
mentally induced deep cervical muscle pain distorts head on trunk orientation.
Eur J Appl Physiol 2013;113(10):2487e99.

Maravita A, Spence C, Driver J. Multisensory integration and the body schema: close
to hand and within reach. Curr Biol 2003;13(13):R531e9.

Martin J, Jessell T. Modality coding in the somatic sensory system. In: Kandel E,
Schwartz J, Jessell T, editors. Principles of neural science. London: Prentice-Hall
International Inc.; 1991. p. 341e52.

Milner TE, Hinder MR, Franklin DW. How is somatosensory information used to
adapt to changes in the mechanical environment? Comput Neurosci Theor
Insights Brain Funct 2007;165:363e72.

http://refhub.elsevier.com/S1356-689X(15)00010-7/sref24
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref24
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref24
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref25
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref25
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref25
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref25
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref26
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref26
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref26
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref26
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref27
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref27
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref27
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref28
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref28
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref28
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref28
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref28
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref28
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref29
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref29
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref29
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref29
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref30
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref30
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref30
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref30
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref31
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref31
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref31
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref32
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref32
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref32
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref32
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref33
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref33
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref33
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref33
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref34
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref34
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref34
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref34
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref34
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref35
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref35
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref35
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref37
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref37
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref37
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref38
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref38
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref38
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref38
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref39
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref39
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref39
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref40
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref40
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref40
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref40
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref41
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref41
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref41
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref41
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref42
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref42
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref42
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref42
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref43
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref43
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref43
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref43
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref44
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref44
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref44
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref45
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref45
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref45
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref46
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref46
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref46
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref47
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref47
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref47
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref48
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref48
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref48
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref48
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref49
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref49
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref49
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref49
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref135
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref135
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref135
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref135
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref50
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref50
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref50
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref51
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref51
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref51
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref51
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref52
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref52
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref52
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref52
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref53
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref53
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref53
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref54
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref54
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref54
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref54
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref54
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref55
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref55
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref55
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref56
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref56
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref56
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref57
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref57
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref58
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref58
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref58
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref58
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref58
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref59
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref59
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref59
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref59
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref59
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref60
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref60
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref60
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref60
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref61
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref61
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref61
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref61
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref62
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref62
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref62
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref62
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref62
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref63
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref64
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref64
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref64
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref64
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref65
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref65
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref65
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref65
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref65
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref66
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref66
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref67
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref67
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref67
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref67
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref68
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref68
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref68
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref68
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref69
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref69
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref69
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref69
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref70
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref70
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref70
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref71
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref71
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref71
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref71
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref72
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref72
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref72
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref72
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref73
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref73
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref73
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref73
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref73
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref74
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref74
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref74
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref74
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref75
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref75
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref75
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref76
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref76
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref76
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref76
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref77
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref77
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref77
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref77
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref77
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref78
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref78
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref78
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref78
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref79
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref79
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref79
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref79
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref36
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref36
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref36
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref36
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref36
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref80
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref80
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref80
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref81
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref81
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref81
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref81
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref82
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref82
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref82
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref82


U. R€oijezon et al. / Manual Therapy 20 (2015) 368e377 377
Mohapatra S, Kukkar KK, Aruin AS. Support surface related changes in feedforward
and feedback control of standing posture. J Electromyogr Kinesiol 2014;24(1):
144e52.

Moisello C, Bove M, Huber R, Abbruzzese G, Battaglia F, Tononi G, et al. Short-term
limb immobilization affects motor performance. Journal of motor behavior
2008;40(2):165e76.

Moseley GL, Flor H. Targeting cortical representations in the treatment of chronic
pain: a review. Neurorehabil Neural Repair 2012;26(6):646e52.

Nagai T, Sell T, Abt J, Lephart S. Reliability, precision, and gender differences in knee
internal/external rotation proprioception measurements. Phys Ther Sp
2012;13(4):233e7.

Needle A, Charles BBS, Farquhar W, Thomas S, Rose W, Kaminski T. Muscle spindle
traffic in functionally unstable ankles during ligamentous stress. J Athl Train
2013;48(2):192e202.

O'Connor BL, Palmoski MJ, Brandt K. Neurogenic acceleration of degenerative joint
lesions. J Bone Jt Surg Am 1985;67(4):562e72.

O'Connor B, Visco D, Brandt K, Myers S, Kalasinski L. Neurogenic acceleration of
osteoarthrosis. The effects of previous neurectomy of the articular nerves on the
development of osteoarthrosis after transection of the anterior cruciate liga-
ment in dogs. J Bone Jt Surg 1992;74(3):367e76.

O'Leary SP, Vicenzino BT, Jull GA. A new method of isometric dynamometry for the
craniocervical flexor muscles. Phys Ther 2005;85(6):556e64.

Pearson K, Gordon J. In: Kandel E, Schwartz J, Jessell T, Siegelbaum S, Hudspeth A,
editors. Spinal reflexes. Principles of neural science. New York: McGraw Hill;
2013. p. 790e811.

Peck D, Buxton D, Nitz A. A comparison of spindle concentrations in large and small
muscles acting in parallel combinations. J Morph 1984;180:243e52.

Peterson BW. Current approaches and future directions to understanding control of
head movement. Brain Mech Integr Posture Mov 2004;143:369e81.

Preuss R, Grenier S, McGill S. The effect of test position on lumbar spine position
sense. J Orthop Sports Phys Ther 2003;33:73e8.

Proske U, Gandevia SC. The proprioceptive senses: their roles in signaling body
shape, body position and movement, and muscle force. Physiol Rev 2012;92(4):
1651e97.

Pruszynski JA, Scott SH. Optimal feedback control and the long-latency stretch
response. Exp Brain Res 2012;218(3):341e59.

Radebold A, Cholewicki J, Polzhofer GK, Greene HS. Impaired postural control of the
lumbar spine is associated with delayed muscle response times in patients with
chronic idiopathic low back pain. Spine 2001;26(7):724e30.

Riemann B, Lephart S. The sensorimotor system, part I: the physiologic basis of
functional joint stability. J Athl Train 2002;37:71e9.

Riemann BL, Myers JB, Lephart SM. Sensorimotor system measurement techniques.
J Athl Train 2002;37(1):85e98.

Rogol I, Ernst G, Perrin D. Open and closed kinetic chain exercises improve shoulder
joint reposition sense equally in healthy subjects. J Athl Train 1998;33(4):315e8.

R€oijezon U, Bj€orklund M, Djupsj€obacka M. The slow and fast components of
postural sway in chronic neck pain. Man Ther 2011;16(3):273e8.

Rossi S, Della Volpe R, Ginanneschi F, Ulivelli M, Baildlini S, Spidalieri R, et al. Early
somatosensory processingduring tonicmuscle pain inhumans: relation to loss of
proprioception and motor ‘defensive’ strategies. Clin Neurophysiol 2003;114(7):
1351e8.

Rothwell J. Control of human voluntary movement. London: Chapman and Hall;
1994.

Salahzadeh Z, Maroufi N, Salavati M, Aslezaker F, Morteza N, Hachesu PR. Propri-
oception in subjects with patellofemoral pain syndrome: using the sense of
force accuracy. J Musculoskelet Pain 2013;21(4):341e9.

Sandlund J, R€oijezon U, Bj€orklund M, Djupsj€obacka M. Acuity of goal-directed arm
movements to visible targets in chronic neck pain. J Rehabil Med 2008;40(5):
366e74.

Schmidt RA, Lee T. Motor control and learning: a behavioural emphasis. 5th ed.
Human kinetics; 2011.

Segal N, Glass N, Torner J, Yang M, Felson D, Sharma L, et al. Quadriceps weakness
predicts risk for knee joint space narrowing in women in the MOST cohort.
Osteoarthr Cartil 2010;18(6):769e75.

Selen LPJ, Franklin DW, Wolpert DM. Impedance control reduces instability that
arises from motor noise. J Neurosci 2009;29(40):12606e16.

Sharma L, Cahue S, Song J, Hayes K, Pai YC, Dunlop D. Physical functioning over
three years in knee osteoarthritis - role of psychosocial, local mechanical, and
neuromuscular factors. Arthritis Rheum 2003;48(12):3359e70.
Shumway-Cook A, Woollacott M. Motor control. Theory and practical applications.
Philadelphia, Lippincott: Williams & Wilkins; 2001.

Sj€olander P, Michaelson P, Jaric S, Djupsj€obacka M. Sensorimotor disturbances in
chronic neck pain - range of motion, peak velocity, smoothness of movement,
and repositioning acuity. Man Ther 2008;13(2):122e31.

Smith R, Brunolli J. Shoulder kinesthesia after anterior glenohumeral joint dislo-
cation. Phys Ther 1989;69(2):106e12.

Sojka P, Johansson H, Sj€olander P, Lorentzon R, Djupsj€obacka M. Fusimotor neurones
can be reflexly influenced by activity in receptor afferents from the posterior
cruciate ligament. Brain Res 1989;483(1):177e83.

Stokes M, Young A. The contribution of reflex inhibition to arthrogenous muscle
weakness. Clin Sci 1984;67(1):7e14.

Suprak D, Osternig L, van Donkelaar P, Karduna A. Shoulder joint position sense
improves with external load. J Mot Behav 2007;39(6):517e25.

Swait G, Rushton AB, Miall C, Newell D. Evaluation of cervical proprioceptive
function. Spine 2007;32(24):E692e701.

Taube W, Gruber M, Gollhofer A. Spinal and supraspinal adaptations associated
with balance training and their functional relevance. Acta Physiol 2008;193(2):
101e16.

Thunberg J, Hellstr€om F, Sj€olander P, Bergenheim M, Wenngren BI, Johansson H.
Influences on the fusimotor-muscle spindle system from chemosensitive nerve
endings in cervical facet joints in the cat: possible implications for whiplash
induced disorders. Pain 2001;91(1e2):15e22.

Treleaven J. Sensorimotor disturbances in neck disorders affecting postural stability,
head and eye movement control. Man Ther 2008;13(1):2e11.

Treleaven J. Dizziness, unsteadiness, visual disturbances, and postural control im-
plications for the transition to chronic symptoms after a whiplash trauma.
Spine 2011;36(25):S211e7.

Treleaven J, Takasaki H. Characteristics of visual disturbances reported by subjects
with neck pain. Man Ther 2014;19(3):203e7.

Treleaven J, Jull G, Sterling M. Dizziness and unsteadiness following whiplash
injury: characteristic features and relationship with cervical joint position error.
J Rehabil Med 2003;35(1):36e43.

Treleaven J, Jull G, Low Choy N. Standing balance in persistent WAD - compar-
ison between subjects with and without dizziness. J Rehabil Med 2005;37(4):
224e9.

Tsay A, Allen TJ, Leung M, Proske U. The fall in force after exercise disturbs position
sense at the human forearm. Exp Brain Res 2012;222(4):415e25.

van Mechelen W, Hlobil H, Kemper H. Incidence, severity, aetiology and pre-
vention of sports injuries. A review of concepts. Sports Med 1992;14(2):
82e99.

Waddington G, Adams R, Jones A. Wobble board (ankle disc) training effects on
the discrimination of inversion movements. Aust J Physiother 1999;45:
95e101.

Waddington G, Seward H, Wrigley T, Lacey N, Adams R. Comparing wobble board
and jump-landing training effects on knee and ankle movement discrimination.
J Sci Med Sport 2000;3(4):449.

Weerakkody N, Percival P, Morgan DL, Gregory JE, Proske U. Matching different
levels of isometric torque in elbow flexor muscles after eccentric exercise. Exp
Brain Res 2003;149(2):141e50.

Weerakkody NS, Blouin JS, Taylor JL, Gandevia SC. Local subcutaneous and muscle
pain impairs detection of passive movements at the human thumb. J Physiol
Lond 2008;586(13):3183e93.

Willems T, Witvrouw E, Verstuyft J, Vaes P, De Clercq D. Proprioception and muscle
strength in subjects with a history of ankle sprains and chronic instability. J Athl
Train 2002;37(4):487e93.

Williamson EM, Marshall PH. Effect of osteoarthritis on accuracy of continuous
tracking leg movement. Percept Mot Ski 2014;118(1):162e82.

Wolpert DM, Diedrichsen J, Flanagan JR. Principles of sensorimotor learning. Nat
Rev Neurosci 2011;12(12):739e51.

Yahia L, Rhalmi S, Newman N, Isler M. Sensory innervation of human thor-
acolumbar fascia. An immunohistochemical study. Acta Orthop Scand
1992;63(2):195e7.

Yu LJ, Stokell R, Treleaven J. The effect of neck torsion on postural stability in
subjects with persistent whiplash. Man Ther 2011;16(4):339e43.

Zazulak BT, Hewett TE, Reeves NP, Goldberg B, Cholewicki J. The effects of core
proprioception on knee injury - a prospective biomechanical-epidemiological
study. Am J Sports Med 2007;35(3):368e73.

http://refhub.elsevier.com/S1356-689X(15)00010-7/sref83
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref83
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref83
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref83
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref136
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref136
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref136
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref136
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref84
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref84
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref84
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref85
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref85
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref85
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref85
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref86
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref86
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref86
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref86
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref87
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref87
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref87
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref88
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref88
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref88
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref88
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref88
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref89
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref89
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref89
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref90
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref90
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref90
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref90
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref91
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref91
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref91
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref92
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref92
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref92
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref93
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref93
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref93
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref94
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref94
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref94
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref94
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref95
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref95
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref95
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref96
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref96
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref96
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref96
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref97
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref97
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref97
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref98
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref98
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref98
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref99
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref99
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref99
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref100
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref100
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref100
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref100
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref100
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref100
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref101
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref101
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref101
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref101
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref101
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref102
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref102
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref103
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref103
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref103
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref103
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref104
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref104
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref104
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref104
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref104
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref104
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref104
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref105
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref105
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref106
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref106
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref106
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref106
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref107
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref107
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref107
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref108
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref108
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref108
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref108
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref109
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref109
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref109
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref110
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref110
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref110
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref110
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref110
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref110
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref111
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref111
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref111
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref112
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref112
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref112
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref112
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref112
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref112
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref113
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref113
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref113
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref114
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref114
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref114
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref115
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref115
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref115
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref116
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref116
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref116
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref116
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref117
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref117
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref117
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref117
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref117
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref117
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref117
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref117
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref118
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref118
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref118
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref119
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref119
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref119
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref119
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref120
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref120
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref120
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref121
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref121
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref121
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref121
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref122
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref122
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref122
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref122
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref123
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref123
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref123
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref124
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref124
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref124
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref124
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref125
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref125
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref125
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref125
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref126
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref126
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref126
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref127
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref127
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref127
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref127
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref128
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref128
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref128
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref128
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref129
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref129
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref129
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref129
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref130
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref130
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref130
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref131
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref131
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref131
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref132
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref132
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref132
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref132
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref133
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref133
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref133
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref134
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref134
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref134
http://refhub.elsevier.com/S1356-689X(15)00010-7/sref134

	Proprioception in musculoskeletal rehabilitation. Part 1: Basic science and principles of assessment and clinical interventions
	1. Role of propcrioception in sensorimotor control
	1.1. Proprioceptors
	1.2. Role of proprioceptors

	2. Assessment of proprioception
	2.1. Specific tests
	2.2. Non-specific tests

	3. Causes of altered proprioception
	3.1. Pain
	3.2. Effusion
	3.3. Trauma
	3.4. Fatigue

	4. Consequences of altered proprioception
	5. Interventions to improve proprioception
	5.1. Reduce causes of ‘inhibition’ of proprioception
	5.2. Augmentation of somatosensory information
	5.3. Exercise therapy effects on proprioception
	5.4. Motor skill training-implicit and explicit
	5.4.1. Sensory reweighting
	5.4.2. Clinical considerations of exercise therapy


	6. Summary
	Acknowledgement
	References


