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A B S T R A C T

Peripheral nerve injury is a complex condition with a variety of signs and symptoms depending on the severity
and nerves involved. Peripheral nerve damage may lead to sensory and motor functions deficits and even lifelong
disability, causing important socioeconomic costs worldwide. Despite the increase in knowledge of the mecha-
nisms of injury and regeneration, a full functional recovery is still unsatisfying in the majority of patients. It is well
known that exercise promotes physical and psychological well-being, by ameliorating general health. In the last
years, there has been a growing interest in evaluating the effects of exercise on the peripheral nervous system.
Experimental works with rodent models showed the potential utility of exercise following peripheral nerve in-
juries, as evinced by increasing axon regeneration, muscle reinnervation, better recovery of strength, muscle mass
and higher expression of neurotrophic factors. Moreover, clinical evidence showed positive trends in favour of
physical therapy following peripheral nerve damage based on the improvement of range of motion (ROM), muscle
power grade and pain. After a brief overview of peripheral nerve anatomy and the different types of nerve injury,
the present review aims to summarize the impact of exercise on peripheral nerve regeneration. Some clinical
evidence regarding the effect of exercise after peripheral nerve injury will also be discussed.
1. Introduction

Peripheral nerve injuries arising from trauma or disease can lead to
sensory, motor deficits and neuropathic pain which may be the cause of
life-long disabilities. The peripheral axons after severe nerve injury are
able to regenerate, even if a full functional recovery is generally very
poor [1]. Since slow axon regeneration represents one of the main cause
for poor recovery, it has emerged as a target to treat peripheral nerve
injuries [2].

An extensive literature provides incontrovertible evidence that physical
exercise plays a neuroprotective role both in the central and peripheral
nervous system through the activation of different processes. Exercise
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promotes neurogenesis and neurotrophins expression, improving the
neurovascular unit integrity, decreasing apoptosis and modulating
inflammation. Evidence for the potential utility of exercise following pe-
ripheral nerve injuries comes from distinct lines of research: experimental
evidence, primarily in rodents, demonstrating the impact of exercise on
synaptogenesis, myelination, neural functioning, growth, development
and muscle reinnervation; preliminary clinical evidence suggesting that
exercise could improve range of motion (ROM), muscle power grade and
pain.

Rodent models of nerve injury allowed us to better comprise the
regeneration mechanisms promoted by exercise after peripheral nerve
damage. However, clinical applications remain poor, partly because such
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models are too far from the situation in humans. In fact, in human in-
juries, axons are generally required to extend over much longer distances
than in rodents, and target tissues remain without axonal contact for
extended amounts of time. Moreover, postsurgical treatment normally
does not allow movement of the surgically repaired nerves, so the
application of exercise protocol as a tool to promote nerve regeneration
remains unclear.

The purpose of this review is to identify and examine the literature
specifically relating to exercise following peripheral nerve injury. This
review aims to (1) provide an overview on peripheral nerve anatomy and
the types of nerve damage, (2) review some of the work done recently
regarding the impact of exercise in promoting nerve regeneration.

2. The anatomy of peripheral nerve

The peripheral nervous system (PNS) comprises all the parts of the
nervous system that are outside the brain and spinal cord. The PNS in-
cludes motor, sensory and autonomic neurons of spinal and cranial
nerves, as well as roots, trunks, ganglia and plexus [3]. This system
represents the way for the relay of sensory and motor impulses between
the central nervous system (CNS) and the body surface, internal organs,
smooth and skeletal muscles.

The peripheral nerves extend from the spinal cord and brainstem and
may comprise both motor and sensory nerve fibers. The motor (efferent)
portion of PNS comprises somatic motor division and the autonomic
motor division. The cell bodies of somatic motor neurons are localized in
the ventral horn of the spinal cord. Their axons leave the spinal cord via
the ventral root and innervate skeletal muscle fibers responsible for
movements. Somatic motor neurons are classified in alpha MNs (α-MNs),
beta MNs (β-MNs) and gamma MNs (γ-MNs). The first one highly
myelinated, exclusively innervates extrafusal muscle fibers [4]. The
β-MNs, representing the least expressed MNs subtype, are involved in the
innervation of both intrafusal and extrafusal muscle fibers [5]. The γ-MNs
innervate intrafusal muscle spindle fibers. They maintain the fibers at a
functional length, contributing to the regulation of muscle contraction.

The visceral MNs belonging to the autonomic nervous system,
innervate smooth muscles (i.e., heart, blood vessel) and glands. The
visceral MNs of the sympathetic nervous system have their cell bodies in
the intermedio-lateral cell column from thoracic segment 1 (T1) to the
lumbar segment 2 (L2) of the spinal cord. The cell bodies of autonomic
MNs of the parasympathetic nervous system are located in the brainstem
Figure 1. Schematic representation of anatomical structures of peripheral nerves. Ea
tissue. The individual neurons are grouped into bundles, known as fascicles, and eac
epineurium, consisting of dense connective tissue, represents the outermost layer th
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nuclei for oculomotor nerve (III), facial nerve (VII), glossopharyngeal
nerve (IX), and vagus nerve (X), and in the intermediolateral cell column
from sacral segments 2 to 4 (S2–S4) of the spinal cord.

The sensory (afferent) division of the PNS comprises two major cat-
egories of fibers, somatic and visceral sensory fibers, organized into
cranial and spinal ganglia located along the brainstem and in the dorsal
root of the spinal cord. The somatic afferent axons transduce sensory
impulses, such as joint position, muscle stretch, touch, pressure, tem-
perature, itch, and pain, from the surface or inside of the body to the CNS
[6]. The visceral sensory fibers carry conscious sensations (e.g., gut
distention and cardiac ischemia) and unconscious visceral sensations
(e.g., blood pressure and chemical composition of the blood). They are
also involved in transmitting gustatory information from the taste buds
[7]. Each peripheral nerve is made of nerve bundles characterized by
nerve fibers and supportive connective tissue that consists of three
distinct components called endoneurium, perineurium, and epineurium
(Figure 1). Endoneurium represents the innermost connective tissue
needed to wrap the nerve and isolate it from the external environment.
Endoneurium is formed by two different laminae: one external charac-
terized by collagen type I and II longitudinally oriented, and one internal,
with a network of fine collagen fibers tightly connected to the basal
laminae which are constituted by collagen type IV, laminin, fibronectin,
and heparan sulfate [8]. Myelinating Schwann cells rest on the basal
lamina and are separated from the axonal membrane through the peri-
axonal space [9]. Fibroblasts, macrophages, and mast cells are also pre-
sent in the endoneurium.

Perineurium isolates groups of axons to form nerve fascicles and
represents the main diffusion barrier between the endoneurium and the
extrafascicular tissues [10]. The thickness of the perineurium is variable
between 1 and 100 μm and it forms a tubular wrapping that allows some
axonal movement inside the fascicles. The perineurium is formed by
connective tissue and perineurial cells. These flattened cells, connected
by tight junctions, are arranged to form concentric layers separated by
collagen. The number of perineurial cell layers is related to the size of the
fascicle. Large nerve fascicles consist of many concentric layers, whereas
a single layer of perineurial cells surrounds small distal fascicles.

The epineurium represents the outermost layer of nerve connective
tissues which encloses the whole nerve, providing protection from the
mechanical force. It is constituted by a dense connective tissue, charac-
terized by bundles of types I and III collagen fibrils and elastic fibers
arranged in an undulated orientation, and by adipose tissue. Moreover,
ch nerve fiber is surrounded by the endoneurium consisting of loose connective
h of these is surrounded by the perineurium, formed by connective tissue. The
at encloses the whole nerve.
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the surface of the epineurium is nourished by a thin vascular plexus
known as the vasa nervorum [11]. Within a peripheral nerve, there are
both myelinated and nonmyelinated nerve fibers. Both types of fibers are
supported by Schwann cells, representing the most abundant glial cells of
the PNS [12]. Schwann cells exist in two different cell types: Remak cells,
or non-myelin Schwann cells, and myelin Schwann cells. Remak cells
envelop all the small-diameter axons, including axons of the autonomic
nervous system. These cells promote the correct development of the PNS
and exert regeneration activity after an injury by promoting axonal
plasticity, growth, and sprouting [13]. Myelinating Schwann cells are
2–3 times longer than Remak cells and much bulkier. They are radially
and longitudinally polarized cells wrapping several times around the
axon to form a compact myelin cuff around it, by delimiting nodal,
paranodal, juxtaparanodal, and internodal compartments [9]. Although
both Remak cells and myelin Schwann cells ensure axons with metabolic
and trophic support, only myelin Schwann cells play a central role to
accelerate nerve impulse conduction. In a demyelinated nerve fiber, the
electrical impulse moves continuously in wave motions, whereas, in the
myelinated fibers, the conduction is done through a saltatory propaga-
tion. The myelin avoids the electric current from leaving the axon, by
depleting the capacitance and increasing the electric resistance along the
cell membrane. In this way, the action potential travels rapidly along the
myelinated axon, jumping between the nodes of Ranvier.

The conduction velocity is related not only to myelin sheath thickness
but also to axonal diameter. In fact, non-myelinated axons less than 1 μm
in diameter shows conducting action potential less than 1 m/s, whereas
large-diameter heavily myelinated axons conduct at a rate of approxi-
mately 100 m/s [12].

3. Peripheral nerve injuries

Unlike the CNS which is protected by bone and layers of meninges,
peripheral nerves have poor physical protection and are localized su-
perficial throughout the human body. Therefore, peripheral nerve in-
juries due to trauma, metabolic or hereditary poly-neuropathies, or nerve
sheath tumours, represent a common condition. Results from a retro-
spective study [14], conducted from 1989 to 2014 showed that the most
frequent cause of peripheral nerve injuries is vehicular accidents (46.4%)
followed by penetrating trauma (23.9%), falls (10.9%), gunshot wounds
(6.6%), car accidents involving pedestrians (2.7%), sports (2.4%) and
miscellaneous (7.2%). Traumatic nerve injuries interest more often
young adults aged between 20 to 39 years, with a total incidence of
approximately 350,000/year. Moreover, males resulted in more affected
with 74% of traumatic injuries [15].

Peripheral nerve injuries can be defined using Seddon's or Sunder-
land's classification (Table 1). The first classification system was created
in 1943 by Seddon, who described three types of injury, i.e., neurapraxia,
Table 1. Seddon and Sunderland classification of nerve injury.

Seddon's
classification

Sunderland's
classification

Injured Tissue

Neurapraxia Grade I Myelin

Axonotmesis Grade II Myelin, axon

Axonotmesis Grade III Myelin, axon,
endoneurium

Axonotmesis Grade IV Myelin, axon,
endoneurium,
perineurium

Neurotmesis Grade V Myelin, axon,
endoneurium,
perineurium, epineurium

3

axonotmesis and neurotmesis, whose gravity dependent on the extent of
damage to axons and coating tissues [16] (Figure 2). The classification of
Sunderland identifies five degrees of injury adding two more types of
axonotmesis [17]. Neurapraxia is the first degree and mildest type of
peripheral nerve injury, occurring when the myelin sheath of the nerve is
damaged. In fact, it is elicited by focal demyelination or ischemia. In this
type of injury, the axons maintain their integrity and the endoneurium,
perineurium, and epineurium remains intact. Although no Wallerian
degeneration phenomena were observed, the conduction of nerve im-
pulses in the injured area is blocked and motor and sensory connection
result compromised [18]. Generally, motor fibers are more affected as
compared to sensory, but muscles do not show denervation or atrophy on
electromyography (EMG) [19]. The focal conduction block is temporary
and resolves fully within 12 weeks once myelination is recovered,
without the need for surgical intervention [20]. The second level of pe-
ripheral nerve injury is the axonotmesis, generally caused by crush,
stretch or percussion [21]. In Sunderland's second-degree injuries, the
axon and its myelin coating are disrupted, whereas, the integrity of the
outer connective tissue covers are maintained. The third-degree injuries
verify when the axon, myelin, endoneurial tubes, and connective tissue
components are damaged and/or transected, despite the perineurium is
preserved. The fourth-degree injuries occur when the axon, endoneurium
and perineurium are damaged and only the epineurium remains intact. In
axonotmesis, Wallerian degeneration occurs in the nerve segment distal
to the injury and recovery may occur if the axonal sprout from the
proximal stump reaches the proper endoneurial tubes in the distal stump,
to reinnervate the target organ [22]. In the reparative process, the
Schwann cells exert a key role to guide axonal growth from the proximal
stump across the injury site towards the distal stump [23].

Neurotmesis represents the severest type of injury, characterized by a
complete disconnection between the two segments of the injured nerve,
affecting the axons, disrupting and distorting all coating layers, including
the epineurium. This type of injury occurring after a cut lesion causes a
complete sensory and motor deficit to the skin andmuscles innervated by
the nerve. The loss of the collagen coatings and their guiding function in
the axonal regrowth interferes with the normal regenerative process, and
surgical intervention is necessary to ensure the recovery of the injured
nerve [24, 25].

The phenomena of nerve repair trigger a cascade of events involving
Schwann cells, fibroblasts, macrophages and other blood cells (Figure 3).
In brief, when axons start to collapse, the Schwann cells discard their
ensheathing myelin and differentiating into a cell phenotype promoting
regeneration. In particular, these cells align together to realize the bands
of Bungner, which are responsible for guiding the axon from the proximal
to the distal site, across the gap. Moreover, Schwann cells respond
adaptively to damage by releasing different neurotrophic factors such as
brain-derived neurotrophic factor (BDNF), glial cell line-derived
Spontaneous recovery Electromyography

Yes Normal morphology and
poor motor unit action
potential recruitment

Yes, slower than
neurapraxia

Abnormal activity

Not very likely, surgical
intervention may be
needed

Highly unlikely, surgical
intervention is necessary

No, surgical intervention
is necessary

Abnormal activity



Figure 2. Seddon's classification of peripheral nerve
injuries. Neurapraxia represents the mildest type of
injury which does not imply loss of nerve continuity. It
occurs after a minor contusion or compression of a
peripheral nerve. Axonotmesis consists of the break-
down of the axon and subsequent Wallerian degener-
ation by nerve crush. However, endoneurial tube
structures are well preserved. Neurotmesis represents
the severest injury secondary to an avulsion or crush
or cut with complete axonal transection. The axon,
endoneurium, perineurium and epineurium are
disrupted.
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neurotrophic factor (GDNF), nerve growth factor (NGF), vascular endo-
thelial growth factor (VEGF) and pituitary adenylyl cyclase-activating
peptide (PACAP) [26, 27]. Beside Schwan cells, also macrophages are
recruited to remove degenerated axons and myelin debris [28]. In the
early phase of peripheral nerve injury, the activation of macrophages
promotes the release of pro-inflammatory cytokines, whereas, in the later
stages, they downregulate the pro-inflammatory cytokine expression and
upregulate anti-inflammatory cytokine production in the distal nerve
stump [29].

4. The influence of exercise on peripheral nerve regeneration

The physical activity represents a useful means to improve health and
general well-being [30]. Its beneficial effects were observed in different
pathologies, including cardiovascular and pulmonary diseases, metabolic
disorders, muscle, bone, and joint pathologies as well as neurodegener-
ative diseases [31, 32, 33, 34, 35, 36]. The positive role of exercise on the
nervous system was observed at multiple levels including axonal growth,
phenotypic changes in peripheral structures and neurotrophins levels
[37]. Several studies, displayed in Table 2, have investigated the impact
4

of physical exercise on peripheral nerve regeneration and functional re-
covery. The effects of exercise can be influenced by different parameters
such as intensity and volume of training as well as the different type of
nerve injury [38]. Marqueste et al. [39], demonstrated that in rats with
peroneal nerve injuries, after 10 weeks of treadmill running at 10 m/min
for 1.5 h, twice a day per 5 days/week, fast nerve fibers improved both in
proportion and conduction velocity. Moreover, the voluntary
running-wheel exercise reduced the levels of the myelin-associated
glycoprotein (MAG), an axonal growth inhibitor, suggesting one of the
mechanisms played by exercise to promote axonal growth [40]. Molteni
et al. [41], investigated the effect of exercise on nerve regeneration in
rodents following unilateral sciatic nerve crush. They showed the
increased neurite outgrowth of dorsal root ganglia neurons in trained rats
performing 3–7 days of voluntary wheel exercise. Interestingly, the
neurite length was closely related to the distance performed by the mice.
Moreover, neurons of trained animals showed high levels of BDNF, which
exerts a key role to promote neuronal plasticity and axonal regeneration
[42]. In accord, another study showed increased levels of BDNF in dorsal
root ganglion neurons of rats exposed to voluntary wheel running for 3 or
7 days with an increasing load of 100gr every day, as compared to the
Figure 3. Schematic representation of the pro-
cess of degeneration and regeneration after pe-
ripheral nerve injury. Following peripheral nerve
injury, the proximal and distal stumps of the
injured nerve undergo structural and molecular
changes to allow the process of axonal regenera-
tion. Schwann cells recruit macrophages to clear
the cellular and myelin debris and secrete
different neurotrophic factors. Then, Schwann
cells undergo a striking elongation to form the
Bungner bands, representing regeneration tracks.
Signals from fibroblasts and macrophages drive
Schwann cells migration through the bridge, to
ensure a proper axonal regeneration.



Table 2. Benefits of exercise in rodent models of peripheral nerve injury.

Species Mode
of
exercise

Pain model Benefit References

Rat Treadmill running Left peroneal nerve was sectioned then immediately
self-anastomosed.

Better functional recovery of muscle sensory axons [39]

Treadmill running Sciatic nerve transection and repair Enhancement of muscle reinnervation [54]

Treadmill running Sciatic nerve transection and repair Improvement of muscle reinnervation and increase
of regenerated axons number

[53]

Treadmill running Sciatic nerve transection and repair Enhancement of functional muscle reinnervation. [46]

Treadmill running Sciatic nerve transection and repair Better motor axon regeneration and muscle fiber
reinnervation

[56]

Treadmill running Sciatic nerve transection and repair Enhancement of motor axon regeneration [57]

Mouse Treadmill running Sciatic nerve transection and repair Enhancement of motor axon regeneration [45]

Treadmill running Common fibular nerve transection and repair Enhancement of axon regeneration [47]

Treadmill running Common fibular and tibial nerves were cut and
repaired using a graft of the same nerve from
BDNF�/� in Schwann cells or WT mice

Enhanced axon elongation [44]

Treadmill running Median nerve transection and repair Better recovery of strength, muscle mass and higher
expression of neurotrophic factors

[52]

Rat Wheel running Unilateral sciatic nerve crush Increased nerve regeneration and high levels of
BDNF

[41]

Mouse Wheel running Long-gap sciatic nerve injury Higher innervation ratio of muscle spindles and
higher number of axons/myelin in the tube.

[58]
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sedentary group [43]. The effect of exercise on BDNF expression to
facilitate axon regeneration was also investigated by Wilhelm et al., [44].
In this study, mice common fibular and tibial nerves were cut and
repaired with a graft of the same nerve from transgenic mice lacking
BDNF in Schwann cells (BDNF�/�) or wild-type mice (WT). Mice sub-
jected to the treadmill for 5 days/week for 2 weeks showed an increase in
axons growth, despite the lack of Schwann cells-derived BDNF from the
graft compared to the untrained group. These results suggested that two
weeks of daily treadmill training after nerve transection results in
enhanced axon elongation, likely due to an increased expression of BDNF
mRNA in MN cells bodies. These findings are in accord with other studies
performed in mice and rats treated with moderate daily exercise for 2
weeks following sciatic nerve transection and repair, which showed an
enhancement of axon regeneration [45] and a modest improvement in
functional recovery [46]. The enhancement of axon regeneration pro-
duced by treadmill training had been previously demonstrated by
Sabatier et al., [47], who studied the effect of different protocols of
treadmill training on mice after common fibular nerve injury. In partic-
ular, mice were divided into groups of low-intensity continuous training
(60 min of running at 10 m/min 5 days/week for 2 weeks), low-intensity
interval training (10 reps, 20 min total), and high-intensity interval
training (2 min of running at a higher speed of 20 m/min followed by 5
min of rest repeated for 2, 4 or 10 times). The authors showed a signif-
icant enhancement of axon regeneration in mice that perform continuous
training or high-intensity interval training except for the 10-rep interval
training group that trained at 10 m/min. Interestingly, male and female
mice responded differently to exercise.

Sex differences in the response to treadmill training were found by
Wood et al., [48], whose showed that interval training regimen was
effective in improving regeneration only in females, whereas continuous
treadmill running for an hour at slow speed promotes axon regeneration
only in males, due to the increase of serum testosterone levels. Moreover,
castration via surgical removal of the testes prevents treadmill training
effects on axon regeneration [48]. The systemic blockade of androgen
and estrogen receptor, blocks exercise enhancement of axon regeneration
in both sexes [49, 50, 51], suggesting that the effect of exercise is strictly
related to androgen and estrogen receptors action. Another study showed
that Sabatier's low-intensity protocol performed for 6 weeks, not only
promoted axons regeneration but also improved grip strength in male
5

mice after median nerve injury, suggesting a possible enhancement of
functional recovery due to training [52]. Udina et al., [53], explored the
effect of passive bicycle and active moderate treadmill training in rats
following sciatic nerve injury. In particular, the passive group was sub-
mitted to one month of daily sessions of 30 min of passive cycling at 45
rpm 2 times with 10 min of rest (under isoflurane anaesthesia), whereas
the active group performed a month of treadmill daily sessions of 30 min
of walking at a 4.6 m/min with 10 min rest. The results showed that both
active and passive training enhanced muscle reinnervation and axon
regeneration, by reducing the altered excitability of spinal reflex after
nerve lesion. Furthermore, the electrical stimulation combined with
moderate treadmill training improved nerve regeneration of adult rats
following right sciatic nerve injury, giving higher levels of muscle rein-
nervation compared to untrained mice [54]. Another study analyzed the
effect of swimming training in rats after sciatic nerve injury applied
during acute (24 h) and late (14 days). The swimming protocol consisted
of 30 min each weekday for 2 weeks. The results showed that swimming
exercise performed during both the acute and late phases after axo-
notmesis, accelerated nerve fiber regeneration, by increasing the diam-
eter of axon and nerve fibers and promoting synaptic elimination [55]. In
order to identify the most appropriate time to begin training after sciatic
nerve injury, Brandt et al. [56], compared the effects of treadmill exercise
begun at the first signs of muscle reinnervation (~3 weeks) to the effects
of training begun immediately after peripheral nerve injury. The authors
found that delayed exercise was valid to promote axon regeneration and
muscle fibers reinnervation, however, it was less effective than imme-
diate exercise in restoring Hoffmann's reflex.

Interestingly, Cannoy et al. [57], showed that rats following sciatic
nerve injury subjected to the more strenuous exercise of walking an
upwardly sloped treadmill showed enhanced regeneration of motor
axons and muscle reinnervation, but poor functional recovery as
compared to animals performing exercise on a level treadmill or no ex-
ercise at all. This result could be due to the minor effect of upslope
treadmill training on proprioceptive sensory feedback from the reinner-
vated muscles [57]. A recent study evaluated the effects of voluntary
wheel training on mice after one week from surgery on sciatic nerve
treated with an acellular conduit associated with human Sk-34 cell
transplantation [58]. The results showed increased numbers of axon-
s/myelin in the tube and the contractile function in the exercise group.
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Instead, no significant difference was found between the amount of ex-
ercise executed and the recovery of muscle mass, confirming the
importance of the exercise quality and intensity for nerve regeneration
rather than exercise volume [57].

5. Clinical studies of exercise and peripheral nerve injury

Conversely to results obtained in the animal models, the effectiveness
of physical therapy following nerve injury in human patients showed
unclear data.

A recent review [59] evaluated the physical exercise interventions for
individuals with spinal cord injury. Of the 25 selected studies, 5 used
aerobic exercise training; 2 studies presented resistance training in-
terventions, 2 presented balance training interventions, 11 studies used
gait training intervention, 5 studies used a combination of interventions
in their methodology. The results showed that there is more evidence
available for gait training, with more methodological rigor comparing to
other types of physical therapy, probably because it represents the pri-
mary priority of spinal lesion affected patients. Another study [60] re-
ported the effect of continuous and personalized intensive motor
rehabilitation (R.I.C.) method, consisting in stretching, joint mobiliza-
tion, active exercises, electro-stimulation, and strong psychological
motivation, in two patients affected by medullary lesion. The results
showed improvement in muscle strengthening and motor performances.

However, variations in the type and severity of nerve injury, type of
exercise protocol applied, time and intensity of training as well as the
coexistence of other pathologies seem to be the primary factors
explaining the controversial results reported.

Several studies suggested exercise as a non-pharmacological approach
to positively affect various aspects of non-traumatic nerve disease such as
chemotherapy-induced peripheral neuropathy (CIPN) [61, 62, 63, 64, 65,
66]. The positive effects of exercise are related to decreasing pain and
improving physical function [67] as well as improvement of deep sensi-
tivity [68], perception of hot and coldness [69], and static balance per-
formance [70]. Considering that exercise and peripheral muscle
stimulation may decrease axonal degeneration and sustain peripheral
neuronal function, physical activity, and limb/region-specific rehabilita-
tion could improve balance, strength, and the quality of life of CIPN
affected patients [67]. However, other studies were not able to find a
beneficial role of exercise on CIPN signs/symptoms probably due to small
sample sizes and rudimentary CIPN assessment [71, 72]. Different studies
also showed patients with diabetic neuropathy benefit from exercising like
endurance [73, 74], balance [75, 76] and multimodal training [77, 78].
However, since tendinosis is one of the musculoskeletal manifestations of
diabetic neuropathy [79], due to multifactorial process characterized by
excessive accumulation of advanced glycation end products, inflammatory
response dysfunction, neuro-vascularization, peripheral neuropathy, and
vasculopathy [80], the exercise it is not always practicable or it doesn't give
the expected results.

In cases of patients with carpal tunnel syndrome, the result of an
irritation, compression, or stretching of the median nerve, exercise and
mobilization centred on nerve gliding and soft tissue mobilization,
showed poor efficacy to improve symptoms and functional ability [81].
In contrast, Ballestero-P�erez et al. [82], showed that, although the stan-
dard conservative approach represents the best option for the manage-
ment of carpal tunnel syndrome, the addition of nerve gliding exercises
may improve the patient recovery by accelerating the rehabilitation
process and avoiding the surgical intervention. In Bell's palsy, an acute
disorder of the facial nerve, different physical rehabilitation protocols,
based on active therapy, passive therapy or a combination of passive and
active methods (e.g., massage/manipulation with active exercise
regime), induced an improvement of facial movement and/or function
[83]. Instead, other studies showed that the facial exercises, including
strengthening and stretching, endurance, therapeutic and facial mimic
exercises, seem to not produce significantly more improvement than the
control treatment or no treatment [84, 85]. Another study [86] evaluated
6

the effects of the rehabilitation process, starting three weeks after
brachial plexus injury. The protocol included electrostimulation, kinesi-
otherapy, comprising passive range of motion (ROM) exercise to promote
joint suppleness, and hydrotherapy, through exercises in a pool to
remove gravity. Interestingly, the patient who achieved the best overall
recovery, in term of sensitivity, muscular strength and pain, was also the
most motivated and had a high degree of the initiative for the rehabili-
tation program. In accord, a case report, involving a 58-year-old woman
affected by brachial plexus injury, showed that a twice-weekly rehabili-
tation program based on supervised passive ROM exercises, stretching
exercises as well as a home exercise program, significantly improved
ROM, muscle power grade and pain [66]. Recently, a new protocol was
developed on patients 12 months post-surgery after traumatic upper
brachial plexus injury. The physical therapy treatment was based on
passive and active-assisted exercises to range of motion (ROM) for
flexion, abduction and external rotation of the shoulder, and elbow
flexion; muscle strengthening with progressive resistance exercises;
motor reeducation training for muscle activation and stretching of
shortened muscles. Although the reported studies showed positive trends
in favour of physical therapy following peripheral nerve damage, the
heterogeneity of type of injury as well as protocol used, influence the
strength of the results and prevent reliable comparison between the
different approach exercise-based.

6. Conclusion

A number of studies over the past several decades have shown the
positive role of exercise on nerve regeneration and functional recovery in
animal models after peripheral nerve injury. On the other hand, the ef-
ficacy of physical therapy to improve nerve regeneration in human after
nerve damage, remains uncertain, since, in the case of extensive injuries,
exercise may not be an option for a recovering patient. However,
knowledge of many of the beneficial effects of exercise, such as the in-
crease of neurite outgrowth, local neurotrophic factor levels and grip
strength, as well as synaptic conduction velocity, makes it reasonable to
translate such knowledge to clinical practice.
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delivery mediated by neuron-targeted nanoparticles is neuroprotective in
peripheral nerve injury, Biomaterials 121 (2017 Mar) 83–96.

[42] F. G�omez-Pinilla, Z. Ying, R.R. Roy, R. Molteni, V.R. Edgerton, Voluntary exercise
induces a BDNF-mediated mechanism that promotes neuroplasticity,
J. Neurophysiol. 88 (5) (2002 Nov) 2187–2195.

[43] J.C. Wilhelm, M. Xu, D. Cucoranu, S. Chmielewski, T. Holmes, K.S. Lau, G.J. Bassell,
A.W. English, Cooperative roles of BDNF expression in neurons and Schwann cells
are modulated by exercise to facilitate nerve regeneration, J. Neurosci. 32 (14)
(2012 Apr 4) 5002–5009.

[44] A.W. English, D. Cucoranu, A. Mulligan, M. Sabatier, Treadmill training enhances
axon regeneration in injured mouse peripheral nerves without increased loss of
topographic specificity, J. Comp. Neurol. 517 (2) (2009 Nov 10) 245–255.

[45] T. Boeltz, M. Ireland, K. Mathis, J. Nicolini, K. Poplavski, S.J. Rose, E. Wilson,
A.W. English, Effects of treadmill training on functional recovery following
peripheral nerve injury in rats, J. Neurophysiol. 109 (11) (2013 Jun) 2645–2657.

[46] M.J. Sabatier, N. Redmon, G. Schwartz, A.W. English, Treadmill training promotes axon
regeneration in injured peripheral nerves, Exp. Neurol. 211 (2) (2008 Jun) 489–493.

[47] K. Wood, J.C. Wilhelm, M.J. Sabatier, K. Liu, J. Gu, A.W. English, Sex differences in
the effectiveness of treadmill training in enhancing axon regeneration in injured
peripheral nerves, Dev. Neurobiol. 72 (5) (2012 May) 688–698.

[48] N.J. Thompson, D.R. Sengelaub, A.W. English, Enhancement of peripheral nerve
regeneration due to treadmill training and electrical stimulation is dependent on
androgen receptor signaling, Dev. Neurobiol. 74 (5) (2014 May) 531–540.

[49] C. Chew, D.R. Sengelaub, Exercise promotes recovery after motoneuron injury via
hormonal mechanisms, Neural Regen Res. 15 (8) (2020 Aug) 1373–1376.

[50] M.C. Acosta, P.A. Copley, J.R. Harrell, J.C. Wilhelm, Estrogen signaling is necessary
for exercise-mediated enhancement of motoneuron participation in axon
regeneration after peripheral nerve injury in mice, Dev. Neurobiol. 77 (10) (2017
Oct) 1133–1143.

[51] J.S. Park, A. H€oke, Treadmill exercise induced functional recovery after peripheral
nerve repair is associated with increased levels of neurotrophic factors, PLoS One 9
(3) (2014 Mar 11), e90245.

[52] E. Udina, A. Puigdemasa, X. Navarro, Passive and active exercise improve
regeneration and muscle reinnervation after peripheral nerve injury in the rat,
Muscle Nerve 43 (4) (2011 Apr) 500–509.

[53] E. Asensio-Pinilla, E. Udina, J. Jaramillo, X. Navarro, Electrical stimulation
combined with exercise increase axonal regeneration after peripheral nerve injury,
Exp. Neurol. 219 (1) (2009 Sep) 258–265.

[54] R.M. Teodori, J. Betini, L.S. de Oliveira, L.L. Sobral, S.Y. Takeda, M.I. de Lima
Montebelo, Swimming exercise in the acute or late phase after sciatic nerve crush
accelerates nerve regeneration, Neural Plast. 2011 (2011) 783901.

[55] J. Brandt, J.T. Evans, T. Mildenhall, A. Mulligan, A. Konieczny, S.J. Rose,
A.W. English, Delaying the onset of treadmill exercise following peripheral nerve
injury has different effects on axon regeneration and motoneuron synaptic
plasticity, J. Neurophysiol. 113 (7) (2015 Apr 1) 2390–2399.

[56] J. Cannoy, S. Crowley, A. Jarratt, K.L. Werts, K. Osborne, S. Park, A.W. English,
Upslope treadmill exercise enhances motor axon regeneration but not functional
recovery following peripheral nerve injury, J. Neurophysiol. 116 (3) (2016 Sep 1)
1408–1417.

[57] H. Seta, D. Maki, A. Kazuno, I. Yamato, N. Nakajima, S. Soeda, Y. Uchiyama,
T. Tamaki, Voluntary exercise positively affects the recovery of long-nerve gap
injury following tube-bridging with human skeletal muscle-derived stem cell
transplantation, J. Clin. Med. 7 (4) (2018 Apr 2) 67.

[58] R. Gaspar, N. Padula, T.B. Freitas, J.P.J. de Oliveira, C. Torriani-Pasin, Physical
exercise for individuals with spinal cord injury: systematic review based on the
international classification of functioning, disability, and health, J. Sport Rehabil.
28 (5) (2019 Jul 1) 505–516.

[59] L. Cavalli, M.E. Arcangeli, A. Paladini, R. Riccioni, G. Lazzeri, Importance of motor
rehabilitation (R.I.C) in medullary lesions in chronic phase, Surg. Case Rep. Rev. 3
(2019).

[60] S. Kneis, A. Wehrle, J. Müller, C. Maurer, G. Ihorst, A. Gollhofer, H. Bertz, It’s never
too late—balance and endurance training improves functional performance, quality
of life, and alleviates neuropathic symptoms in cancer survivors suffering from
chemotherapy-induced peripheral neuropathy: results of a randomized controlled
trial, BMC Cancer 19 (2019) 414–424.

http://refhub.elsevier.com/S2405-8440(21)02384-7/sref1
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref1
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref1
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref1
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref2
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref2
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref2
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref2
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref2
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref3
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref3
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref3
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref4
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref4
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref4
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref4
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref4
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref5
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref5
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref5
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref5
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref6
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref6
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref6
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref6
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref7
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref7
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref7
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref7
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref8
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref8
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref8
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref8
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref9
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref9
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref9
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref9
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref10
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref10
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref10
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref10
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref11
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref11
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref11
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref12
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref12
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref13
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref13
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref13
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref13
https://www.ncbi.nlm.nih.gov/books/NBK560501/
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref15
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref15
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref16
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref16
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref16
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref17
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref17
https://www.ncbi.nlm.nih.gov/books/NBK549848/
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref19
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref19
https://www.ncbi.nlm.nih.gov/books/NBK562304
https://www.ncbi.nlm.nih.gov/books/NBK562304
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref21
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref21
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref21
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref21
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref22
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref22
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref23
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref23
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref23
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref24
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref24
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref25
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref25
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref25
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref25
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref25
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref26
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref26
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref27
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref27
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref27
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref27
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref28
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref28
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref28
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref29
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref29
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref29
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref30
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref30
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref31
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref31
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref31
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref31
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref32
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref32
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref32
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref33
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref33
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref33
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref34
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref34
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref34
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref34
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref35
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref35
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref35
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref36
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref36
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref37
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref37
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref37
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref37
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref38
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref38
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref38
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref38
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref39
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref39
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref39
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref39
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref40
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref40
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref40
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref40
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref40
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref41
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref41
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref41
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref41
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref41
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref42
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref42
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref42
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref42
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref42
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref43
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref43
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref43
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref43
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref43
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref44
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref44
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref44
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref44
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref45
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref45
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref45
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref45
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref46
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref46
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref46
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref47
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref47
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref47
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref47
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref48
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref48
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref48
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref48
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref49
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref49
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref49
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref50
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref50
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref50
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref50
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref50
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref51
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref51
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref51
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref51
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref52
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref52
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref52
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref52
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref53
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref53
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref53
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref53
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref54
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref54
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref54
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref55
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref55
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref55
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref55
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref55
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref56
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref56
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref56
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref56
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref56
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref57
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref57
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref57
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref57
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref58
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref58
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref58
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref58
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref58
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref59
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref59
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref59
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref60
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref60
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref60
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref60
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref60
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref60
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref60


G. Maugeri et al. Heliyon 7 (2021) e08281
[61] F. Streckmann, H.C. Lehmann, M. Balke, A. Schenk, M. Oberste, A. Heller,
A. Schürh€orster, T. Elter, W. Bloch, F.T. Baumann, Sensorimotor training and
whole-body vibration training have the potential to reduce motor and sensory
symptoms of chemotherapy-induced peripheral neuropathy-a randomized
controlled pilot trial, Support. Care Cancer 27 (7) (2019) 2471–2478.

[62] S.S. Sch€onsteiner, H. Bauder Mißbach, A. Benner, S. Mack, T. Hamel, M. Orth,
B. Landwehrmeyer, S.D. Süßmuth, C. Geitner, R. Mayer-Steinacker, A. Riester,
A. Prokein, E. Erhardt, J. Kunecki, A.M. Eisenschink, R. Rawer, H. D€ohner,
E. Kirchner, R.F. Schlenk, A randomized exploratory phase 2 study in patients with
chemotherapy-related peripheral neuropathy evaluating whole-body vibration
training as adjunct to an integrated program including massage, passive
mobilization and physical exercises, Exp. Hematol. Oncol. 6 (2017) 5.

[63] P. Zimmer, S. Trebing, U. Timmers-Trebing, A. Schenk, R. Paust, W. Bloch,
R. Rudolph, F. Streckmann, F.T. Baumann, Eight-week, multimodal exercise
counteracts a progress of chemotherapy-induced peripheral neuropathy and
improves balance and strength in metastasized colorectal cancer patients: a
randomized controlled trial, Support. Care Cancer 26 (2) (2018) 615–624.

[64] S. Dhawan, R. Andrews, L. Kumar, S. Wadhwa, G. Shukla, A randomized controlled
trial to assess the effectiveness of muscle strengthening and balancing exercises on
chemotherapy-induced peripheral neuropathic pain and quality of life among
cancer patients, Cancer Nurs. 43 (4) (2020) 269–280.

[65] M. Schwenk, G.S. Grewal, D. Holloway, A. Muchna, L. Garland, B. Najafi,
Interactive sensor-based balance training in older cancer patients with
chemotherapy-induced peripheral neuropathy: a randomized controlled trial,
Gerontology 62 (5) (2016) 553–563.

[66] K.Y. Wonders, B.S. Reigle, D.G. Drury, Treatment strategies for chemotherapy-
induced peripheral neuropathy: potential role of exercise, Onco Rev. 4 (2010)
117–125.

[67] F. Streckmann, S. Kneis, J.A. Leifert, F.T. Baumann, M. Kleber, G. Ihorst, L. Herich,
V. Grüssinger, A. Gollhofer, H. Bertz, Exercise program improves therapy-related
side-effects and quality of life in lymphoma patients undergoing therapy, Ann.
Oncol. 25 (2) (2014) 493–499.

[68] I.R. Kleckner, C. Kamen, J.S. Gewandter, N.A. Mohile, C.E. Heckler, E. Culakova,
C. Fung, M.C. Janelsins, M. Asare, P.J. Lin, P.S. Reddy, J. Giguere, J. Berenberg,
S.R. Kesler, K.M. Mustian, Effects of exercise during chemotherapy on
chemotherapy-induced peripheral neuropathy: a multicenter, randomized
controlled trial, Support. Care Cancer 26 (4) (2018) 1019–1028.

[69] P.L. Vollmers, C. Mundhenke, N. Maass, D. Bauerschlag, S. Kratzenstein, C. R€ocken,
T. Schmidt, Evaluation of the effects of sensorimotor exercise on physical and
psychological parameters in breast cancer patients undergoing neurotoxic
chemotherapy, J. Cancer Res. Clin. Oncol. 144 (9) (2018) 1785–1792. Epub 2018
Jun 25. PMID: 29943097.

[70] K.A. Bland, A.A. Kirkham, J. Bovard, T. Shenkier, D. Zucker, D.C. McKenzie,
M.K. Davis, K.A. Gelmon, K.L. Campbell, Effect of exercise on taxane chemotherapy-
induced peripheral neuropathy in women with breast cancer: a randomized
controlled trial, Clin. Breast Cancer 19 (6) (2019) 411–422.

[71] C.C. Henke, J. Cabri, L. Fricke, W. Pankow, G. Kandilakis, P.C. Feyer, M. de Wit,
Strength and endurance training in the treatment of lung cancer patients in stages
IIIA/IIIB/IV, Support. Care Cancer 22 (1) (2014) 95–101.
8

[72] S. Balducci, G. Iacobellis, L. Parisi, N. Di Biase, E. Calandriello, F. Leonetti, et al.,
Exercise training can modify the natural history of diabetic peripheral neuropathy,
J. Diabetes Complicat. 20 (4) (2006) 216–223.

[73] S. Dixit, A.G. Maiya, B.A. Shastry, Effect of aerobic exercise on peripheral nerve
functions of population with diabetic peripheral neuropathy in type 2 diabetes: a
single blind, parallel group randomized controlled trial, J. Diabetes Complicat. 28
(3) (2014) 332–339.

[74] C.H. Song, J.S. Petrofsky, S.W. Lee, K.J. Lee, J.E. Yim, Effects of an exercise program
on balance and trunk proprioception in older adults with diabetic neuropathies,
Diabetes Technol. Therapeut. 13 (8) (2011) 803–811.

[75] J. Richardson, D. Sandman, S. Vela, A focused exercise regimen improves clinical
measures of balance in patients with peripheral neuropathy, Arch. Phys. Med.
Rehabil. 82 (2) (2001) 205–209.

[76] L. Allet, S. Armand, R.A. de Bie, A. Golay, D. Monnin, K. Aminian, et al., The gait
and balance of patients with diabetes can be improved: a randomised controlled
trial, Diabetologia 53 (3) (2010) 458–466.

[77] C.D. Sartor, R. Watari, A.C. P�assaro, A.P. Picon, R.H. Hasue, I.C. Sacco, Effects of a
combined strengthening, stretching and functional training program versus usual-
care on gait biomechanics and foot function for diabetic neuropathy: a randomized
controlled trial, BMC Muscoskel. Disord. 13 (2012) 36.

[78] B.I. Afolabi, B.M. Idowu, S.O. Onigbinde, Achilles tendon degeneration on
ultrasound in type 2 diabetic patients, J. Ultrason. 20 (83) (2021) e291–e299.

[79] L. Shi, Y.F. Rui, G. Li, C. Wang, Alterations of tendons in diabetes mellitus: what are
the current findings? Int. Orthop. 39 (8) (2015) 1465–1473.

[80] M.J. Page, D. O'Connor, V. Pitt, N. Massy-Westropp, Exercise and mobilisation
interventions for carpal tunnel syndrome, Cochrane Database Syst. Rev. (6) (2012
Jun 13) CD009899.

[81] R. Ballestero-P�erez, G. Plaza-Manzano, A. Urraca-Gesto, F. Romo-Romo,
M.L.�A. Atín-Arratibel, D. Pecos-Martín, T. Gallego-Izquierdo, N. Romero-Franco,
Effectiveness of nerve gliding exercises on carpal tunnel syndrome: a systematic
review, J. Manip. Physiol. Ther. 40 (1) (2017 Jan) 50–59.

[82] A. Vaughan, D. Gardner, A. Miles, A. Copley, R. Wenke, S. Coulson, A systematic
review of physical rehabilitation of facial palsy, Front. Neurol. 11 (2020 Mar 31)
222.

[83] C. Hg Beurskens, I. Al Burgers-Bots, D. W Kroon, R. Ab Oostendorp, Literature
review of evidence based physiotherapy in patients with facial nerve paresis, J. Jpn.
Phys. Ther. Assoc. 7 (1) (2004) 35–39.

[84] L.J. Teixeira, J.S. Valbuza, G.F. Prado, Physical therapy for Bell's palsy (idiopathic
facial paralysis), Cochrane Database Syst. Rev. (12) (2011 Dec 7) CD006283.

[85] J.J. Monsivais, Contralateral C7 transfers: an innovative approach to improving
peripheral neuropathic pain after traumatic brachial plexus injury with C5 rupture
and avulsion of C6, C7, C8 and T1. A case series study, Clin. Neurol. Neurosurg. 191
(2020 Apr) 105693.

[86] A.C.S. Chagas, D. Wanderley, P.J.M. Barboza, J.V.P. Martins, A.A. de Moraes,
F.H.M. de Souza, D.A. de Oliveira, Proprioceptive neuromuscular facilitation
compared to conventional physiotherapy for adults with traumatic upper brachial
plexus injury: a protocol for a randomized clinical trial, Physiother. Res. Int. 26 (1)
(2021 Jan), e1873.

http://refhub.elsevier.com/S2405-8440(21)02384-7/sref61
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref61
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref61
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref61
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref61
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref61
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref61
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref62
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref62
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref62
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref62
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref62
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref62
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref62
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref62
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref62
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref63
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref63
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref63
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref63
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref63
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref63
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref64
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref64
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref64
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref64
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref64
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref65
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref65
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref65
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref65
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref65
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref66
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref66
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref66
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref66
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref67
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref67
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref67
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref67
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref67
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref68
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref68
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref68
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref68
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref68
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref68
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref69
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref69
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref69
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref69
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref69
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref69
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref69
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref70
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref70
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref70
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref70
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref70
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref71
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref71
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref71
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref71
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref72
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref72
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref72
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref72
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref73
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref73
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref73
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref73
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref73
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref74
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref74
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref74
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref74
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref75
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref75
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref75
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref75
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref76
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref76
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref76
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref76
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref77
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref77
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref77
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref77
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref77
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref78
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref78
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref78
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref79
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref79
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref79
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref80
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref80
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref80
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref81
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref81
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref81
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref81
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref81
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref81
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref81
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref82
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref82
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref82
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref83
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref83
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref83
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref83
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref84
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref84
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref85
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref85
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref85
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref85
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref86
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref86
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref86
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref86
http://refhub.elsevier.com/S2405-8440(21)02384-7/sref86

	The role of exercise on peripheral nerve regeneration: from animal model to clinical application
	1. Introduction
	2. The anatomy of peripheral nerve
	3. Peripheral nerve injuries
	4. The influence of exercise on peripheral nerve regeneration
	5. Clinical studies of exercise and peripheral nerve injury
	6. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


