
lable at ScienceDirect

Manual Therapy 19 (2014) 614e617
Contents lists avai
Manual Therapy

journal homepage: www.elsevier .com/math
Professional issue
Recognising neuroplasticity in musculoskeletal rehabilitation: A basis
for greater collaboration between musculoskeletal and neurological
physiotherapists

Suzanne J. Snodgrass a,*, Nicola R. Heneghan b, Henry Tsao c, Peter T. Stanwell d,
Darren A. Rivett a, Paulette M. Van Vliet a

aDiscipline of Physiotherapy, School of Health Sciences, Faculty of Health and Medicine, and Centre for Translational Neuroscience and Mental Health, The
University of Newcastle, Newcastle, Australia
b School of Sport, Exercise and Rehabilitation Sciences, University of Birmingham, Birmingham, UK
c School of Medicine, The University of Queensland, Brisbane, Australia
dDiscipline of Medical Radiation Science, School of Health Sciences, Faculty of Health and Medicine and Centre for Translational Neuroscience and Mental
Health, The University of Newcastle, Newcastle, Australia
a r t i c l e i n f o

Article history:
Received 22 November 2013
Received in revised form
9 January 2014
Accepted 17 January 2014

Keywords:
Neuroplasticity
Rehabilitation
Motor learning
* Corresponding author. Tel.: þ612 49212089; fax:
E-mail address: Suzanne.Snodgrass@newcastle.edu

1356-689X/$ e see front matter � 2014 Elsevier Ltd.
http://dx.doi.org/10.1016/j.math.2014.01.006
a b s t r a c t

Evidence is emerging for central nervous system (CNS) changes in the presence of musculoskeletal
dysfunction and pain. Motor control exercises, and potentially manual therapy, can induce changes in the
CNS, yet the focus in musculoskeletal physiotherapy practice is conventionally on movement impair-
ments with less consideration of intervention-induced neuroplastic changes. Studies in healthy in-
dividuals and those with neurological dysfunction provide examples of strategies that may also be used
to enhance neuroplasticity during the rehabilitation of individuals with musculoskeletal dysfunction,
improving the effectiveness of interventions. In this paper, the evidence for neuroplastic changes in
patients with musculoskeletal conditions is discussed. The authors compare and contrast neurological
and musculoskeletal physiotherapy clinical paradigms in the context of the motor learning principles of
experience-dependent plasticity: part and whole practice, repetition, task-specificity and feedback that
induces an external focus of attention in the learner. It is proposed that increased collaboration between
neurological and musculoskeletal physiotherapists and researchers will facilitate new discoveries on the
neurophysiological mechanisms underpinning sensorimotor changes in patients with musculoskeletal
dysfunction. This may lead to greater integration of strategies to enhance neuroplasticity in patients
treated in musculoskeletal physiotherapy practice.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Evidence is emerging that the central nervous system (CNS)
reorganises in response to musculoskeletal dysfunction (Moseley
and Flor, 2012). Coined ‘neuroplasticity,’ this reorganisation is an
intrinsic property of the nervous system enabling it to adapt to
environmental changes, physiologic modifications, and experi-
ences (Pascual-Leone et al., 2005). Neuroplasticity can be adaptive
ormaladaptive in the presence of pain or dysfunction, and the same
processes causing CNS reorganisationmay potentially be harnessed
to reverse central changes and lead to positive patient outcomes
(Flor, 2002). Yet physiotherapists working with clients with
musculoskeletal dysfunction conventionally evaluate region-
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specific movement performance or prescribe motor control exer-
cises without considering the potential for plasticity of the CNS. In
contrast, physiotherapists working with clients with neurological
dysfunction commonly consider the effect of cortical dysfunction
on patient performance as the brain is known to be the source of
the problem. Recognising and addressing neuroplasticity as a
component of motor control in patients with musculoskeletal
dysfunction is important as (1) it may lead to greater understanding
of neural mechanisms underpinning musculoskeletal dysfunction;
and (2) addressing maladaptive neural organisation via neuro-
plasticity may improve the effectiveness of treatments that target
motor behaviour, such as movement skill and muscle strength.

There is evidence that cortical processes influence aspects of
musculoskeletal rehabilitation. However, the current approach
musculoskeletal physiotherapists routinely use for exercise pre-
scription is primarily influenced by exercise protocols investigated
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Table 1
Principles of experience-dependent plasticity, as outlined by Kleim and Jones
(2008).

Principle Supporting references

Using part and whole practice exercises
where specific parameters such as
amplitude and speed resemble the
real life desired task

van Vliet and Heneghan (2006)
Kleim and Jones (2008)

Performing sufficient repetitions to
induce neural change

Kleim and Jones (2008)

Task-specificity French et al. (2007)
Providing feedback that induces an

external focus of attention in the
learner

Durham et al. (2009)
Durham et al. (2013)
Sturmberg et al. (2013)
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in clinical trials (Macedo et al., 2009; Bystrom et al., 2013), with
little focus on central brain processes associated with neuro-
plasticity. One approach for improving motor performance through
neuroplasticity is mental imagery, whereby actual movement is
deliberately enhanced or substituted by mental rehearsal of a task
(Guillot et al., 2008). Used widely within a sporting context and in
some instances neurological rehabilitation and pain syndromes
(Moseley, 2004, 2006), its use within musculoskeletal rehabilita-
tion is relatively underdeveloped; for reviews, see (Mulder, 2007;
Guillot and Collet, 2008). Task-specific training is another
approach shown to be effective in improving strength and motor
performance, accompanied by changes in brain areas involved in
performing the tasks (Carey et al., 2002; Tsao et al., 2010). It is
therefore surprising that strategies addressing neuroplasticity, such
as mental imagery and task-specific training, have not been more
widely adopted in musculoskeletal rehabilitation.

In this paper the authors discuss the evidence supporting the
presence of CNS neuroplasticity in musculoskeletal conditions and
present examples from the field of neurological rehabilitation that
highlight the potential role of neuroplasticity in themanagement of
musculoskeletal dysfunction. Furthermore, it is argued that greater
collaboration between musculoskeletal and neurological physio-
therapists and researchers will lead to greater use of strategies to
enhance neuroplasticity during musculoskeletal rehabilitation,
optimising patient outcomes.

2. Evidence for neuroplasticity in patients with
musculoskeletal dysfunction

Neuroplasticity has been defined as “the ability of the nervous
system to respond to intrinsic and extrinsic stimuli by reorganising
its structure, function and connections” (Cramer, 2010). There is
overwhelming evidence that the brain is continuously remodelled
in response to new or novel experiences (Kleim and Jones, 2008).
Therefore, an appreciation of the influence of the central nervous
system on all forms of movement as well as pain should underpin
all forms of rehabilitation.

Evidence is emerging for cortical changes in patients with
chronic musculoskeletal pain; for reviews see (Apkarian et al.,
2009; Davis and Moayedi, 2013). In the presence of pain, several
brain regions (the “pain matrix”) are consistently activated: pri-
mary (S1) and secondary (S2) somatosensory cortex, insula, ante-
rior cingulate cortex (ACC), amygdala, prefrontal cortex (PFC) and
thalamus (Henry et al., 2011). However, patterns of brain activity
are distinct for different pain conditions, indicating cortical re-
sponses are specific to pathologies. Functional magnetic resonance
imaging (fMRI) demonstrates the medial PFC is activated in
response to painful stimuli in chronic low back pain (LBP), whereas
the insula is activated in knee osteoarthritis (Apkarian et al., 2009).
Early work by Flor et al. (1997) using magnetoencephalography
demonstrated activity in the somatosensory cortex representing
the back increases and shifts medially in response to painful stimuli
in patients with LBP, with the degree of shift associated with the
chronicity of pain. With transcranial magnetic stimulation (TMS),
patients with chronic LBP also show changes in the representation
of specific muscles in the motor cortex (Tsao et al., 2011), with
greater differences in cortical reorganisation from that observed in
healthy individuals associated with reduced coordination of the
trunk muscles (Tsao et al., 2008).

Recent advances in magnetic resonance imaging techniques
provide new methods for examining cortical changes resulting
from musculoskeletal pain. Proton magnetic resonance spectros-
copy (Duarte et al., 2012) has shown changes in brain neuro-
chemistry in patients with chronic LBP (Siddall et al., 2006) and
following spinal cord injury (Stanwell et al., 2010). Neurochemical
changes are specific to the side of pain, with patients with left
sciatica demonstrating greater changes in the right thalamus
(Yabuki et al., 2013). Grey matter volume is also decreased in pa-
tients with chronic LBP in the bilateral dorsolateral PFC and right
thalamus, equivalent to grey matter loss in 10e20 years of aging
(Apkarian et al., 2004). Resting-state fMRI shows the medial PFC
(involved in emotional and self-referential processing) in LBP
demonstrates increased connectivity with regions related to pain
processing and receipt of pain information from the periphery (S2,
insula, cingulate and S2 regions) (Baliki et al., 2011). In carpal tunnel
syndrome, central morphometric changes demonstrated with
diffusion tensor imaging correlate with median nerve conduction
velocity (Maeda et al., 2013). These studies provide strong evidence
that cortical changes occur in response to pain, and changes appear
to be specific to the regional pathology, pain intensity and duration.

3. Interventions inducing neuroplasticity

Cortical changes due to chronic pain are reversible in response
to pain reduction. Seminowicz et al. (2011) demonstrated that
decreased cortical thickness and excessive activity during cognitive
tasks in patients with chronic LBP normalised with reduced pain
following treatment with either zygopophyseal joint block or spinal
surgery. Maladaptive changes in the motor cortex can also be
improved following specific exercise training. Deep abdominal
muscle training using real-time ultrasound feedback results in an
anteromedial shift of its representation in the motor cortex, to-
wards that observed in healthy individuals (Tsao et al., 2010). This
did not occur following general walking exercise, suggesting
training must be specific to induce cortical changes. Further, feed-
forward activation of deep abdominal muscles improved following
specific isolated contractions, but not following a sit up exercise
activating all abdominal muscles in a non-specific manner (Tsao
and Hodges, 2007). Therefore, mere repetition of muscle contrac-
tions without precision during training may not be sufficient to
yield brain changes or changes in functional outcome. There is also
some evidence that lumbar spine manipulation invokes a transient
increase in central motor excitability (Dishman et al., 2008). These
findings suggest cortical abnormalities in patients with musculo-
skeletal pain can be positively influenced with motor training, and
the CNS may also be potentially affected by manual therapy.

Although the therapist is working with a non-lesioned brain in
managing patients with musculoskeletal dysfunction, the neuro-
biological basis of neuroplasticity and potential for motor learning
is the same as for the person with brain damage such as stroke. In
stroke rehabilitation, the interventions with the best evidence for
demonstrable positive effects on neuroplasticity and motor
learning are intensive repetitive practice and task-specific training
(van Vliet, 1993; French et al., 2007). A systematic review andmeta-
analysis of TMS and fMRI evidence concluded a large overall effect



Table 2
Comparison of examples from specific approaches in neurological and musculoskeletal physiotherapy aligned with the principles of experience-dependant neuroplasticity.

Principle Neurological physiotherapy paradigm: Retraining shoulder
flexion in the stroke affected upper limb using a movement
science approacha

Musculoskeletal/manual therapy paradigm: Retraining
shoulder elevation in the scapular plane in the painful shoulder
with Mobilisation With Movement (MWM)b

Part and whole practice Part: practice shoulder flexion alone; whole: practice shoulder
flexion while reaching overhead for a cup

Part: practice pain-free shoulder elevation in the scapular plane
enabled by therapist-applied sustained glenohumeral
posterolateral joint glide; whole: practice pain-free shoulder
elevation through full range independently

Repetitive practice Repeat part (shoulder flexion) and whole (goal directed reach-
to-grasp movement) practice with sufficient repetitions to
stimulate motor learning (e.g., 300 on 3 days per week
(Birkenmeier et al., 2010)

Repeat part practice (pain-free shoulder elevation with
sustained joint glide) 2-4 sets of 6e10 repetitions and whole
practice (active pain-free shoulder elevation) 3 sets of 6e10
repetitions 3 times per day, plus active functional movements
into shoulder elevation with tape applied

Task-specific training Task-specific practice in required range for overhead reach (for
example 90e120� flexion) followed by whole task practice to
reach for overhead objects

Task-specific practice of pain-free shoulder elevation in the
scapular plane performed 3 sets of 6e10 repetitions 3 times per
day, followed bywhole task practice using shoulder elevation to
reach for overhead objects

Focus of attention External focus of attention, using environmental cues; for
example, while seated beside a wall, flexing shoulder without
touching the wall (to discourage compensatory shoulder
abduction)

Internal focus of attention; for example, by giving tactile
feedback on the position of the humeral head or scapula during
shoulder elevation, limiting range of movement by the onset of
pain, and using overpressure to provide afferent input

a Movement science approach as described in Carr and Shepherd (2010).
b MWM approach as described in Vicenzino et al. (2011).

S.J. Snodgrass et al. / Manual Therapy 19 (2014) 614e617616
for brain activation changes in the lesioned sensorimotor cortex
associated with functional gains following task-specific training
after stroke (Richards et al., 2008). Repetitive task-specific training
has great potential for changing movement behaviours and pain in
peoplewithmusculoskeletal dysfunction because neuroplasticity is
experience- and practice-dependent (van Vliet and Heneghan,
2006). Task-specific training protocols have already been devel-
oped for patients with neurological disorders (Turton et al., 2013)
based on principles of experience-dependant plasticity (Table 1).
These principles could usefully be applied to the development of
training programs for musculoskeletal rehabilitation (Table 2).

4. Rehabilitation paradigms

Some forms of musculoskeletal rehabilitation include elements
of the principles of experience-dependent neuroplasticity neces-
sary for CNS changes. For instance, repetitive practice of a func-
tional movement is a component of using a Mulligan Mobilisation
With Movement (MWM) technique (Vicenzino et al., 2011)
(Table 2). Introducing the functional context of movement early in
musculoskeletal rehabilitationmay lead to greatermovement gains
and earlier cortical recovery, as CNS changes are greater with task-
specific training (Richards et al., 2008). Hundreds of repetitions of
movement in varying contexts are necessary for inducing cortical
changes (van Vliet et al., 2012), such as the use of shoulder taping to
facilitate pain-free repeated use of the upper limb during functional
tasks throughout the day. When pain prevents a patient from
performing movements, physical repetitions may be too limited to
induce neuroplastic changes and mental imagery may be used
(Burford et al., 2008). These elements highlight some of the stra-
tegies being used inmusculoskeletal rehabilitation that may induce
CNS plasticity.

The focus of attention during movement retraining may also
affect performance. In patients with stroke, common strategies
induce an external focus of attention (focussing attention on
movement effects on the environment), such as knocking an object
off a table using shoulder protraction, or focussing on holding a
ruler vertical during forearm supination practice. In contrast,
musculoskeletal rehabilitation commonly uses strategies inducing
an internal focus of attention (focussing on movements of the body
or body parts (Wulf and Prinz, 2001)), such as tactile cues for
positioning the head and neck in a neutral posture and using pain
as a guide for limiting range of motion or number of repetitions. An
external focus of attention has been shown to be more effective for
improving motor performance than an internal focus of attention
(van Vliet and Wulf, 2006). This suggests innovative treatment
techniques that induce an external focus of attention may augment
musculoskeletal rehabilitation, such as training neck coordination
by controlling a metal ball on a flat surface mounted on top of the
head (Röijezon et al., 2008), or using virtual reality computer
gaming (Sarig Bahat et al., 2010).

In treating musculoskeletal dysfunction, many approaches uti-
lise manual joint movement as integral and necessary to the
treatment approach to modulate pain or influence viscoelastic
properties of soft tissues. Manual contact may also be used in
neurological dysfunction to facilitate movement, though the aim
with one common approach (Carr and Shepherd, 2010) is to remain
‘hands-off’ as much as possible, so the patient more rapidly de-
velops independent movement control. The potential contribution
of a therapist’s manual input to central cortical changes related to
motor learning is an area that requires investigation.
5. Future collaboration

Combining the expertise of clinicians and researchers working
in the areas of neurological and musculoskeletal physiotherapy will
further the integration of knowledge about neuroplasticity into the
treatment of musculoskeletal conditions. Greater collaboration
between these groups may lead to the development of novel
therapies and new innovative treatment paradigms. Future
research should aim to unravel the underlying neurophysiological
mechanisms that underpin adaptive sensorimotor changes associ-
ated with musculoskeletal dysfunction and the potential for plastic
changes with specific interventions. Enhanced understanding of
these mechanisms may aid to better optimise rehabilitation stra-
tegies for patients with a range of neuromusculoskeletal disorders.
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