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ABSTRACT
Peripheral nerve trauma frequently affects younger
people and may result in significant and long-lasting
functional disability. Currently, diagnosis and monitoring
of peripheral nerve injury relies on clinical and
electrodiagnostic information, supplemented by
intraoperative electrophysiological studies. However, in a
significant proportion of nerve injuries, the likelihood of
spontaneous regeneration resulting in good functional
outcome remains uncertain and unnecessary delays to
treatment may be faced while monitoring for recovery.
Advances in non-invasive imaging techniques to
diagnose and monitor nerve injury and regeneration are
being developed, and have the potential to streamline
the decision-making process. In addition, advances in
operative and non-operative treatment strategies may
provide more effective ways to maximise functional
outcomes following severe peripheral nerve trauma. This
review discusses these advances in light of the current
state of the art of management of peripheral nerve
trauma.

INTRODUCTION
Peripheral nerve trauma (PNT) is a major source of
disability in the community. Annual incidence is
approximately 45 cases per 100 000, similar to the
incidence of epilepsy.1 Severe PNT complicates
approximately 5% of polytrauma cases, such as
motor vehicle accidents.2 The implications of PNT
can be particularly significant as it commonly
affects younger people of working age and may
result in impaired limb function, and reduced
ability to participate in the workforce.3 4

Functional outcomes vary depending on the nature
of the injury and with appropriate treatment, may
range from being excellent in patients with transec-
tion of a single upper limb nerve to very poor in
patients with complex brachial plexus trauma with
nerve root avulsion.5–7

Despite extensive clinical and surgical experi-
ences, there remain limitations in the diagnosis and
management of PNT, including early determination
of nerve injuries that require surgical intervention,
poor functional recovery in muscles distant from
the site of nerve trauma, prevention and manage-
ment of painful neuroma formation, and incom-
plete functional improvement despite successful
reinnervation. Recent advances in diagnostic and
management techniques may help overcome a
number of these issues. The present review will
discuss developments in multimodality assessment
of PNT, including operative electrical assessment,
emerging imaging techniques with the potential to

detect early peripheral nerve regeneration, and
novel surgical and medical therapeutic approaches
to optimise functional recovery.

GRADING NERVE INJURIES
The first step in determining the appropriate man-
agement of PNT is to identify the extent of the
nerve injury. Two major grading classification
systems have been separately proposed by Seddon8

and Sunderland.9 Seddon’s classification system is
the simplest, with three types of nerve injury, neur-
apraxia, axonotmesis (figure 1) and neurotmesis,
based on the degree of histological damage to the
nerve. Sunderland’s system provides more detailed
classification of nerve injuries. Neurapraxia is classi-
fied as grade I injury. Grade II injuries involve
damage to the axon, but the endoneurium remains
intact. In grade III injuries, the axon and endoneur-
ium are severed; grade III injuries may also include
a mix of isolated axon and endoneurial damage,
and more extensive connective tissue injury. Grade
IV injuries involve injury to the axon, endoneurial
tubes, perineurium and fascicular structures, but
the epineurium remains intact. In grade V injuries,
there is complete transection of all elements of the
nerve, including the epineurium. At least 70% of
serious injuries leave the peripheral nerve in con-
tinuity even when nerve connective tissue elements
have been disrupted.

Implications for nerve regeneration
and functional recovery
Neuropraxic injuries usually recover within 2–
12 weeks of the injury from the restoration of the
myelin sheath. Very mild neurapraxia may reverse in
hours, which reflects transient metabolic derange-
ment within the nerve rather than demyelination.
When axonal injury has occurred, sprouts

emerge from axons at the proximal stump and
grow distally at a rate of 1–3 mm per day.9 In
partial injuries, where there are undamaged axons
innervating the muscle, terminal sprouts from these
preserved axons extend to denervated muscle end-
plates. Axonotmetic injuries typically recover some
function without surgical intervention, with the
time course of recovery partly determined by the
extent of axonal injury and the distance between
the site of nerve injury and the affected muscle.
Without surgical approximation of viable nerve

stumps, or resection and then repair of neurotmetic
lesions in continuity, recovery from neurotmetic
injuries is limited. However, it should be noted that
these lesions in continuity that convey impulses on
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intraoperative electrophysiological testing are likely to undergo
some spontaneous recovery.

SELECTING PATIENTS FOR INTERVENTION
The timing of interventions following PNT is critical. Earlier
surgical intervention results in the best outcome in those
patients with neurotmetic nerve injuries, where spontaneous
regeneration is unlikely. Conversely, better outcomes may be
observed from spontaneous axonal regeneration and muscle
reinnervation processes in patients with axonotmetic injuries
and in many Sunderland grade III injuries, where operative elec-
trophysiological studies suggest that axonal regeneration
through the injured segment is likely. Thus, patient selection is
critically important when deciding the appropriate treatment
strategy (figure 2).

Electrodiagnostic evaluation after peripheral nerve injury
Nerve conduction studies (NCS) can identify evidence of con-
duction block or slowing, consistent with demyelination (neura-
praxia), and reduced compound muscle action potential (CMAP)
amplitude suggestive of axonal injury. Electromyography (EMG)
may identify fibrillations and positive sharp waves, arising from

denervated muscle fibres, suggesting axonal injury.
Rearrangement of motor units (MUs) accompanies reinnervation,
consisting of MU polyphasia and prolonged duration in the
earlier phases indicating inefficient and desynchronised conduc-
tion between the muscle fibres innervated by a single axon (figure
1). Later in the course of reinnervation, MUs may become of
high amplitude, when individual muscle fibre action potentials
are more synchronised and hence summate to produce a taller
potential.

A commonly held view is that electrodiagnostic studies
should be deferred for up to 3 weeks after nerve injury to
allow for the development of fibrillations that give an indica-
tion of the extent of nerve injury. However, this ignores the
valuable information that may be identified on NCS and EMG
much sooner than this. Early studies may demonstrate features
that enable distinction between the different grades of nerve
injury despite fibrillations not necessarily having developed.
Wallerian degeneration following axonal injury starts within
days of injury and is often complete within a week. As such,
the amplitude of the CMAP elicited with distal nerve stimula-
tion will give an indication of whether axonal injury has
occurred. Second, MU recruitment on EMG studies will

Figure 1 Histological,
electromyography (EMG) and diffusion
tensor tractography (DTT) changes
following severe axonotmetic injury.
Wallerian degeneration of distal axons
starts soon after nerve injury and
macrophages clear nerve debris
(1 week). Bands of Büngner act as
guides for regenerating axonal sprouts
originating from the proximal nerve
stump (1 month). For a nerve injury
10 cm from the target, regenerating
axons may be expected to reach the
target muscle by about 4 months. In
terms of EMG findings (middle panel),
on the day of nerve injury, EMG will
not demonstrate any motor unit
potentials and this situation will
remain until regenerating axons have
reached the target muscle, when
‘nascent’ motor units will be seen
(4 months). Operative compound nerve
action potential recordings or perhaps
novel DTT techniques (bottom panel,
adapted from37 with permission from
Lippincott Williams and Wilkins/
Wolters Kluwer Health) may detect
axon regeneration earlier, when
regenerating axon sprouts are
advancing but have not yet reached
their target muscle.
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distinguish between a neurotmetic or severe axonotmetic injury
and neurapraxia or more mild axonotmetic injuries. In the
former category, no MUs will be activated with voluntary
effort, while in the latter category, reduced recruitment of
normal MUs will be seen very early in the course of injury.
EMG in severe neuropraxic injuries may also not identify MUs
with effort, but in this instance motor NCS should be able to
distinguish neurapraxia from severe axonal injury.

Unfortunately, electrodiagnostic studies are an imperfect
means with which to grade nerve injuries. Distal responses on

motor NCS may remain present for 2–3 days after complete
nerve transection and be mistaken for severe conduction block
and hence, neurapraxia when stimulation of the nerve proximal
to the injury does not evoke a muscle response. The absence of
MUs on EMG during voluntary activation of a muscle does not
distinguish between a severe axonotmetic injury and a neurot-
metic injury, and interpretation of this finding may be further
complicated by the presence of concomitant upper motor
neuron injury or focal nerve demyelination in more complex
trauma.

Figure 2 Flow chart detailing a suggested diagnostic and decision-making process in patients with nerve trauma. EMG, electromyography; DTT,
diffusion tensor tractography.

Figure 3 MR neurography and ultrasound findings in peripheral nerve trauma. Near total transection of the median nerve in the arm is
demonstrated on fat-suppressed T2-weighted imaging and diffusion tensor tractography (DTT) (A). On T2-weighted images the nerve terminates at
an enlarged, T2-hyperintense stump suggesting traumatic neuroma (A, left panel, arrow). Trackable fibres largely terminate at the proximal stump
on DTT studies (A, right panel, arrow). Median nerve enlargement and hyperintensity at the wrist is demonstrated on fat-suppressed T2-weighted
images in a patient with carpal tunnel syndrome (B, white arrowhead). In an infant with perinatal wrist drop, ultrasound studies identified
enlargement of the radial nerve in the spiral groove (white arrow) with loss of normal fat architecture overlying the nerve (*) suggesting fat necrosis
and nerve injury secondary to extrinsic pressure. Ultrasound studies identified features of a traumatic sural neuroma in a patient following a
posterior leg laceration (D). A normal sural nerve fascicle is demonstrated (black arrowhead), lying next to the enlarged hypoechoic neuroma
(black arrow).
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Imaging assessment of PNT
The past two decades have seen a rapid expansion in the ability
to image the peripheral nervous system. Parallel advances in
MRI and ultrasound technology have added these two compli-
mentary techniques to the diagnostic toolkit of PNT. Imaging
has allowed for more detailed analysis of the extent of nerve
and soft tissue injury, permitting the development of more com-
prehensive treatment plans and potentially obviating the need
for exploratory surgery. In addition, imaging may be able to
predict those patients for whom early intervention is important
and those for whom an observational approach is appropriate.

Incorporating nerve imaging modalities in the initial work-up
of patients with nerve injury may delineate the anatomic
context of the nerve injury, such as aberrant structures contrib-
uting to nerve trauma. For example, a bony fragment following
orthopaedic injury may be seen to distort the course of the
nerve.10 An intraneural ganglion cyst may be detected in a
patient with peroneal neuropathy.11 12 The extent of nerve
injury may also be determined (figure 3). Imaging may identify
nerve transection with discontinuity between stump ends of the
nerve.13 Identifying these features will modify treatment
considerations.

Demonstrating a traumatic neuroma on imaging suggests
severe nerve injury (figure 3). Traumatic neuromas are formed
when attempts at regeneration are unsuccessful, and instead a
collection of connective tissue and axonal elements forms.14

A neuroma will develop at the stump of a transected nerve and
appears as a bulbous expansion.15 Severe nerve traction may
also produce a neuroma-in-continuity, which appears as an
ovoid expansion within the nerve and is associated with severe
axonal injury, although successful regeneration may still be pos-
sible without surgical intervention. It should be pointed out that
identifying fascicular continuity through a lesion in continuity
on imaging could be promising for recovery, but does not guar-
antee it.

Imaging of muscle with either MRI or ultrasound provides
additional information regarding the extent of denervation and
the patterns of muscles involved, and may be a useful adjunct to
electrodiagnostic studies in some situations.16 17 Muscle
imaging changes have been shown to be the earliest positive sign
of muscle denervation, before the detection of fibrillations on
EMG studies.

MR neurography
MR neurography (MRN) is frequently performed in patients
with PNT. While there is no formal consensus as to what consti-
tutes MRN, multiplanar high-resolution two-dimensional T1
and fat-suppressed heavily T2-weighted sequences are funda-
mental to almost every MRN study. The T1 sequences are
useful to delineate the anatomical context of the nerve, to
outline the epineurial fat plane, to determine nerve size and to
identify the fascicular structure of the nerve. Fat-saturated
T2-weighted sequences detect increased water content reflecting
oedema of the injured nerve.

There are several common findings on MRN in various nerve
injuries. Specifically, peripheral nerves become larger and may
lose fascicular definition. Nerves may also become hyperintense
on T2-weighted sequences (figure 3). Finally, an injured nerve
segment may demonstrate contrast enhancement, although this
is variable and not a reliable indicator of nerve trauma.18 To
date, MRN has failed to differentiate distal stump degeneration
mixed with regenerating axons in nerves that do not recover
from those that do recover.

Nerve ultrasound
Advances in transducer technology, the introduction of high-
frequency probes up to 22 MHz, and improvements in image
postprocessing have enabled bedside ultrasound imaging of even
the smallest peripheral nerves. Strengths of ultrasound imaging
include its portability and tolerability. Of further benefit, ultra-
sound allows dynamic imaging and as such may demonstrate
changes in the nerve in its anatomical context with limb move-
ment, which may be relevant when considering the mechanism
of nerve injury. Like MRN, ultrasound demonstrates increased
nerve calibre and loss of the normal fascicular pattern following
nerve injury. In addition, echogenicity may be reduced, analo-
gous to changes in T2 nerve intensity on MRN (figure 3).19–21

Ultrasound is complimentary to other clinical and electrodiag-
nostic techniques for nerve injury and is, therefore, being
increasingly adopted in these settings.13 22 Besides use in the
clinic, a number of other potential roles of nerve ultrasound are
evolving. Intraoperative nerve ultrasound is being developed
and changes of nerve injury correlate well with intraoperative
electrophysiological monitoring, nerve dissection and histo-
pathological findings in resected nerve segments.23 An add-
itional role of ultrasound, that is yet to be fully explored, is its
use in guiding electrodiagnostic studies. Ultrasound may
improve the performance of more difficult conventional NCS
by identifying the location of the nerve.24 Ultrasound-guided,
percutaneous, near-nerve stimulation and recording warrants
further exploration, and may obviate exploratory surgery and
intraoperative neurophysiological mapping in some patients.

Limitations of ultrasound include diminished resolution of
nerves located deeply (such as the proximal sciatic nerve in
patients with extensive subcutaneous tissue) or underneath
bone. Ultrasound image acquisition is also operator dependent
and successful studies require substantial understanding of
anatomy and technical experience.

MONITORING RECOVERY
The necessary course of treatment for PNT may be readily
apparent after initial clinical, electrodiagnostic and imaging eva-
luations. For example, acute, clean transection of a single per-
ipheral nerve, such as that following a sharp penetrating injury,
requires prompt surgical neurorrhaphy obviating the need for
serial observation. Similarly, early repair of blunt nerve transec-
tion is indicated, but after a 2–3-week delay to allow the viable
portions of the nerve stumps to be delineated.25 However, there
remains a substantial proportion of patients with lesions in con-
tinuity, where the nature of the nerve injury and hence, the
prognosis and most appropriate intervention remains uncertain.
In these patients there are two possible approaches: a ‘waiting
game’ of serial clinical and electrodiagnostic assessments
(approximately every 6–8 weeks) looking for clinical and elec-
trophysiological evidence of muscle reinnervation or operative
exploration, with intraoperative electrophysiological assessment
of nerve regeneration to determine the need for resection and
repair in the early months postinjury.26

Clinical indicators of recovery
The clinical examination is relatively insensitive to early features
of nerve regeneration. Early muscle reinnervation may not gen-
erate sufficient force for muscle movement. Secondary changes
in a limb, such as joint contractures, may interfere with muscle
movement despite successful reinnervation. A mobile Tinel’s
phenomenon (tingling in the distribution of a peripheral nerve
with percussion) may be able to detect advancing fine fibre
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regeneration following PNT; this, however, may not necessarily
imply that functional recovery will follow.27–29

Electrodiagnostic monitoring
Serial EMG assessments are more sensitive than the clinical
examination to detect nerve regeneration. Early reinnervated, or
‘nascent’ MUs may be detectable on EMG when there is no
clinical improvement (figure 1). However, though encouraging,
the detection of nascent MUs (and reduction in the density of
fibrillation potentials) does not guarantee subsequent functional
recovery. The major limitation of EMG in monitoring for signs
of nerve regeneration is that EMG will not show any evidence
of nerve recovery until a fairly large number of mature axons
have reached the muscles being studied, despite the fact that
axonal regeneration may have been advancing proximal to this
point. This limitation makes decisions regarding the potential
success of spontaneous nerve regeneration more difficult and
may prolong the period of observation to the detriment of
those patients who actually do require surgical nerve repair.

Intraoperative electrophysiological assessments
Intraoperative electrophysiological studies are a major advance in
management of PNT, and were developed over four decades ago.
Studies are performed following surgical exposure of the nerve
and involve the generation of compound nerve action potentials
(CNAPs) by stimulating and recording electrodes applied directly
to the nerve trunk (figure 4).30 31 Intraoperative electrophysio-
logical studies have the distinct advantage of permitting directed
and detailed study of an injured nerve trunk, thus enabling thor-
ough assessment of lesions in continuity that may be inaccessible
to standard NCS. In the acute setting, they may suggest the pres-
ence or absence of intact axons running through the lesion. To
evaluate for evidence of nerve regeneration, intraoperative assess-
ments must be delayed for 2–3 months to allow time for useful
numbers of axons, over 5 m in diameter and with early myelin-
ation, to have penetrated the lesion and reach the nerve segment
just distal to it before a CNAP can be recorded.32 Technical and
equipment factors need to be controlled and considered in the
interpretation of intraoperative studies. A further drawback of
intraoperative assessments of nerve regeneration is that an inva-
sive procedure is necessary and the development of non-invasive
techniques to detect nerve regeneration before muscle reinnerva-
tion will represent an additional critical advance in the manage-
ment of nerve injury.

Visualising nerve regeneration
Diffusion tensor tractography
Ultrasound or standard MRN are unable to fully discriminate
between neurotmesis and axonotmesis, particularly when the
nerve remains in continuity. Diffusion tensor tractography
(DTT) represents a recent development in MRI that may revolu-
tionise this aspect of the diagnosis and monitoring of PNT
(figures 1 and 3).

Diffusion weighted imaging takes advantage of anisotropic
(or directional) movement of water molecules in imaged tissues.
Peripheral nerves are comprised of longitudinal axonal tracts
resulting in relatively free diffusion of water molecules in the
direction of the tract, but restricted movement perpendicular to
the nerve.33 Diffusion tensor imaging (DTI) has been exten-
sively applied to the brain and can demonstrate integrity of
nerve tracts through measurement of fractional anisotropy (FA)
and related indices. Limitations of peripheral nerve DTI include
spatial and contrast resolution and relatively low signal-to-noise

ratio, but if these issues can be overcome peripheral nerve DTI
opens opportunities to non-invasively evaluate nerve integrity.

There have been promising applications of DTT to PNT and
regeneration. In healthy participants, bundles of fibres may be
tracked through a normal nerve.34 Following axonal injury in
animal models, trackable fibres terminate at the point of nerve
injury within hours of nerve trauma.35 36 With nerve regener-
ation, fibres may be seen to extend beyond the point of nerve
injury, restoring a relatively normal tract through regeneration
with a corresponding increase in FA values at the point of nerve
injury.35 In humans, nerve regeneration may be visualised using
DTT, correlating with evidence of recovery on clinical and elec-
trodiagnostic testing.37 38 Peripheral nerve DTT has also been
applied to delineate normal nerve fascicles in relation to periph-
eral nerve sheath tumours to allow planning of surgical
approaches.39 Although further investigation of this emerging
technique is needed, DTT has the potential to enable early
detection of peripheral nerve regeneration and thus, facilitate
earlier determination of those patients who may or may not
benefit from surgical repair of nerve injury. DTT may also serve
as a useful technique to monitor axonal regeneration in the
period during which EMG studies are of limited value, specific-
ally early after nerve injury.37

The question remains, however, whether regenerating axons
detected by DTT in human participants will be large enough, in
required numbers and with enough myelination to accurately
predict useful recovery in the distribution of the nerve being
studied; recovery of DTI parameters in an animal model of
nerve injury correlated with return of larger calibre axons.35

Separately, current reports evaluating DTT monitoring of regen-
eration have involved patients with nerve transections; there-
fore, further data regarding the detection of regenerating axons
in lesions in continuity are needed.

It is predicted that imaging advances will herald an era of
clinician-directed, multimodality assessment of nerve injury,
which may provide greatly enhanced non-invasive functional
and anatomic assessment of nerve injury, estimations of progno-
sis and determination of optimum treatment modalities.40

SURGICAL ADVANCES
Standard approaches to the management of PNT include avoid-
ance of further traumatic insults, physical therapy and splinting,
and surgical exploration (in many cases with operative CNAP
recordings) and neurorrhaphy of severely damaged nerves.41

While these standard approaches may be satisfactory for many
nerve injuries, progressive surgical techniques and medical man-
agement may improve functional outcomes. The following sec-
tions highlight areas in which promising developments have
been reported.

Surgical repair
In many instances, PNT will require operative exploration. The
choice of technique and timing of surgery depends on the
mechanism of injury, the length of the damaged nerve segment
and the extent of surrounding tissue damage.25 While the
details of specific surgical approaches fall outside the scope of
this review (and readers are directed to specific reviews on the
topic42), surgical and biotechnological advances have contribu-
ted to improved treatment outcomes for peripheral nerve
surgery. In general, nerves may be repaired by reconnecting
proximal and distal stumps (neurorrhaphy), or by joining prox-
imal and distal stumps by means of a nerve graft or conduit to
bridge a nerve defect. Procedures connecting uninjured nerves
to the distal portion of an injured nerve (neurotisation) are
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sometimes employed if direct repair of the injured nerve is not
possible.

Management of nerve root avulsion
Severe brachial plexus trauma may be complicated by nerve root
avulsion, which makes assessment and management of the nerve
injury more difficult. Specifically, patients with nerve root avul-
sion will not demonstrate spontaneous improvement and
require specialised approaches to brachial plexus reconstruction.
Relatively rapid loss of anterior horn cells follows motor
axotomy, perhaps underpinning the importance of early inter-
vention in these cases. Nerve avulsion may be apparent clinic-
ally, for example, patients with dorsal nerve root avulsion may
develop severe neuropathic pain within days of the injury.
Brachial plexus imaging provides the most valuable information
and is indicated in the work-up of all patients presenting with
brachial plexus trauma. Nerve root avulsion may be apparent on
MRI or ultrasound studies,43–45 although CT or digital-
subtraction myelography may be required in some instances.
A pseudomeningocoele may be seen in some cases.

Reimplantation of the avulsed motor root provides the oppor-
tunity for anterior horn cells to extend axons into the root and

improve the chances of functional recovery.46 This is particu-
larly relevant for proximal muscle groups, but functional hand
muscle recovery is usually disappointing. This technique is being
performed selectively in a few centres. Surgical repair of avulsed
ventral roots by reimplantation is only usually successful within
a month of the injury47 and this provides an argument for ultra-
early surgical intervention following brachial plexus trauma.48

Clinical outcomes are improved when surgery is performed
within 7 days of injury and the likelihood of recovery diminishes
with increasing delays.49 In addition, surgery is technically
easier very early after injury, as there has been less time for
tissue fibrosis to occur and recoiling distal stumps of ruptured
nerves may be more easily retrieved. The drawback of ultra-
early surgery is that intraoperative CNAP recordings are ren-
dered less informative for the evaluation of non-avulsed nerve
trunks as sufficient time has not elapsed for any potential rein-
nervation to occur.

The more common alternative approach is a nerve transfer,
where a healthy donor nerve is coapted to the distal stump or
the continuation of the avulsed root50 In some instances, this
may include transposition of the contralateral C7 nerve root;
however, concerns about donor side morbidity have limited the

Figure 4 Illustration of intraoperative
compound nerve action potential
(CNAP) studies of a nerve injury in
continuity. A bipolar or tripolar
(pictured) stimulating electrode is
placed proximal to the injured segment
and the recording electrode placed
distal to the injured segment (A). In
normal nerves a high amplitude CNAP
can be recorded (B). If intraoperative
CNAP recordings are performed shortly
after injury, the presence of residual
intact axons may be detected (C).
CNAP studies performed after a delay
of 2–3 months may be useful to detect
evidence of axon regeneration across
an injured nerve segment (D).
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use of this approach.51 Different nerve transfers (see
Neurotisation section below) can be considered to target recipi-
ents with available, expendable donors.

Brachial plexus trauma with nerve root avulsion may result in
severe and intractable pain, resistant to medical treatment.
Surgical reimplantation of nerve roots alone may improve pain,
irrespective of functional outcomes, and additional nerve recon-
struction for proximal brachial plexus injuries may also be
useful to reduce pain even when functional recovery is poor. In
patients with refractory pain, surgical lesions of the dorsal root
entry zone may represent a viable treatment approach. This
technique is particularly useful at improving lancinating parox-
ysmal pain, but is less effective at managing persistent back-
ground burning pain.52 Electrical motor cortex stimulation has
shown some benefit in reducing this background pain53 and
combination approaches may prove to be most worthwhile.

Refinement of nerve grafting techniques
When nerve trauma results in a gap between the viable nerve
stumps and when primary neurorrhaphy is not possible, a nerve
graft or conduit may need to be interposed in order to provide
a pathway for regenerating axons. Failure to provide this regen-
eration pathway usually results in the interspersion of scar tissue
and failed regeneration.

Autologous nerve grafts are the optimum material for bridg-
ing defects in injured nerves, as these contain all the necessary
microstructural elements to facilitate axonal migration without
antigenic components that may occur with artificial or cadaveric
grafts. However, donor nerves (typically sural, superficial radial
and/or medial antebrachial cutaneous nerves) occasionally may
not provide sufficient tissue to satisfactorily bridge a long nerve
defect or a defect in a large calibre nerve.

Synthetic conduits have been promoted as an alternate
approach to nerve autografts, but axonal growth through these
hollow polymer tubes may be limited in defects of more than
10 mm,54 probably because they lack the microarchitecture of
the native nerve.55 In general, conduits are used for injuries to
minor nerves, for example, digital or other small important
sensory nerves, and are avoided for major nerve injuries.
Synthetic scaffolds have been developed with cellular guidance
channels that facilitate propagation of Schwann cell processes,
which may improve the chances of successful nerve regener-
ation.55–57

Nerve tissue allografts from cadaveric donors provide neces-
sary cellular structures, but require immunosuppression for up
to 18 months to prevent rejection58 59 and the complications of
immunosuppression are seldom justified. Processed, acellular
nerve allografts eliminate the need for immunosuppression, but
inflammatory reactions may still rarely result in scarring that
may impede nerve regeneration.60 Functional outcomes are
encouraging, with a recent study demonstrating improvement in
87% of patients with allografts for gaps of between 5 and
50 mm.61

Finally, animal-derived, acellular, extracellular matrix nerve
cuffs, for example, using porcine small intestinal submucosa,
provide the necessary scaffold to guide axonal regeneration,
without issues of immunogenicity.62

Neurotrophic factors, such as neurotrophins, insulin-like
growth factors, and glial cell line-derived neurotrophic factors,
secreted by neuronal and non-neuronal cells in the proximal
and distal nerve stump drive the process of nerve regeneration
in vivo.63 The absence of these growth factors in synthetic con-
duits may contribute to failure of axonal regeneration over
longer graft lengths. Adding one or more of these neurotrophic

growth factors improves axonal regeneration.64 65 Dosing and
drug kinetics play an important role in the efficacy of growth
factor strategies and excessive delivery can actually impede
axonal regeneration.66 A number of biotechnology strategies are
being used to develop optimum delivery methods,67 but pres-
ently none are approved for use in clinical practice.

Neurotisation procedures
When there is extensive proximal nerve injury or nerve root
avulsion, nerve grafting strategies typically fail. Neurotisation
procedures, involving the suturing of an uninjured nerve to the
distal portion of an injured nerve, provide an alternative route
for axonal regeneration enabling reinnervation of the target
muscles.68 Neurotisation bypasses the zone of nerve injury and
brings the regenerating axons closer to the target muscle, thus
improving the chances of recovery. A number of techniques
have been developed, and muscle reinnervation and clinical
improvement has been reported with anastomosis of an intact
nerve to an injured nerve in an end-to-end, end-to-side and
even side-to-side fashion.69 Neurotisation involves transferring a
functioning, expendable nerve, branch or fascicle to a more
important, non-functioning recipient. Examples would include
the use of intercostal nerves, the distal spinal accessory nerve,
contralateral C7, a triceps branch, or a fascicle of the ulnar or
median nerve. Direct muscle neurotisation may be an option for
those patients in whom there is no distal nerve stump
remaining.70

When reconstructive surgery must be substantially delayed,
there is a concern that the connective tissue elements (such as
Schwann cells) in the distal nerve stump are less able to receive
regenerating axons if they have remained denervated for a pro-
longed period. ‘Sensory nerve protection’ has been proposed as
a means of providing trophic support to the distal stump of a
motor nerve by coapting a healthy sensory nerve while awaiting
formal repair procedures.71 However, there are few situations in
which this approach is favoured over reconstruction combining
grafting and nerve transfers, which generally provide the best
results.72

Other reconstructive procedures
In patients with severe functional deficits, in whom attempts at
nerve repair are unsuccessful or impossible, other reconstructive
procedures may be used. These may include tendon transfer,
free functioning muscle transfer and bony procedures, including
fusion (arthrodesis). There are many procedures described and
choice of approach depends on the extent of nerve and soft
tissue injury, as well as the functional goals. Extensive rehabilita-
tion and retraining is necessary to optimise the outcome of
these reconstructive procedures.

Nanotechnology and axon splicing
One major limitation of current surgical approaches is that they
inevitably involve Wallerian degeneration and subsequent axonal
regeneration through residual connective tissue channels, and
rely on a complex array of cellular and biochemical processes.
Successful muscle reinnervation must occur within several years
from the date of injury (commonly stated as 2 years although
longer periods have been suggested), or irreversible Schwann cell
deterioration and muscle fibrosis and fatty infiltration may
occur.73 74 Thus, the time taken for regeneration of axons from a
proximal limb nerve injury to a distal muscle (eg, from the bra-
chial plexus to the intrinsic hand muscles) may exceed this time
frame. In addition, the number and accuracy of axons reaching
their target muscle is markedly subphysiological and as such,
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muscle reinnervation is inevitably incomplete.63 Prevention of
Wallerian degeneration is an optimal, perhaps ambitious,
approach.

Nanotechnology developments may render this approach
feasible in the future. Microcutting tools are able to make neat
and precise cuts to individual axons, while axon ends can be
manipulated using dielectrophoretic force, and axon stumps
fused by electrofusion.75–78 Given that many individual axon
repairs will be necessary to achieve a functional reconnection,
these processes will need to be automated, and clearly such a
procedure must be performed very soon after nerve injury to
avoid the cascade of distal axonal degeneration. Robot-assisted
microsurgical approaches have emerged as a promising tool79

and this technology may be harnessed in such a way as to make
individual axon repair feasible in the future.

REHABILITATION AND NON-SURGICAL APPROACHES
Rehabilitation strategies are vitally important following PNT to
minimise permanent physical deficits and to promote functional
adaptation to compensate for these. Range of motion, stretching
exercises and biofeedback are useful to prevent contractures and
secondary deformities. Sensory re-education techniques have
been developed to improve sensory function after reinnervation
and to maintain cortical sensory organisation,80 though evi-
dence of the efficacy is presently limited.81 Novel approaches
may enhance the possibility of nerve regeneration and functional
recovery.

Repetitive nerve stimulation and activity-dependent
treatments
Both PNT and the resultant relative inactivity of the muscle
result in muscle atrophy and alteration in the biochemical
characteristics of muscle fibres, with these changes becoming
irreversible with time.82 However, there have been reports of
progressive functional recovery occurring even 5 years after the
initial injury following nerve repair,6 suggesting that residual sat-
ellite cells may retain the capacity for muscle regeneration even
after a more prolonged period of denervation.83

In addition to muscle factors, Schwann cell regenerative cap-
acity is time limited, such that delay of effective anastomosis of
injured nerve stumps and hence, prolonged denervation of distal
Schwann cells results in a reduced proportion of axons that
regenerate relative to a nerve that has been promptly reanasto-
mosed.84 85 Besides any iatrogenic delay, the process of initi-
ation of axonal regeneration at the anastomosis site may be
delayed and a period of up to 3–4 weeks may be required for all
axons to begin regenerating across the anastomosis,86 further
challenging the timeliness of repair mechanisms. Reduced regen-
erative potential through attenuated regeneration apparatus and
muscle atrophy impacts on the ability of reinnervated muscle to
regain normal morphology and function, particularly when long
time intervals are expected for regeneration from proximal
injuries.

To overcome the issue of muscle and Schwann cell degrad-
ation, repetitive nerve stimulation protocols have been devised.
In animal studies, low-intensity electrical stimulation of a
repaired nerve for 1 h resulted in increased axonal regeneration,
relative to animals receiving sham stimulation. Increased effi-
ciency of axonal outgrowth through the surgical site was pro-
posed as a mechanism for this improvement and the accuracy of
target reinnervation was improved in stimulated nerves.87 88

Similarly, in patients undergoing carpal tunnel release surgery
for severe carpal tunnel syndrome, MU number estimation
studies identified a significant increase in MU numbers in

patients who underwent 1 h of nerve stimulation following the
release procedure.89 Exercise is also effective at improving
muscle reinnervation, and reducing neuropathic pain and mech-
anical allodynia,90 91 but may be less effective than nerve stimu-
lation at promoting axon regeneration.

Prevention and management of traumatic neuroma
Development of a traumatic neuroma following nerve injury or
its treatment may introduce a significant source of neuropathic
pain, which may compound the disability associated with the
neurological impairment. Any traumatic nerve injury resulting
in axonal disruption, including surgical trauma, may result in
the development of neuroma. This becomes more challenging,
as surgical resection of a painful neuroma may result in recur-
rence at the new cut end, initiating an additional cycle of injury
and aberrant repair. A number of surgical techniques have been
proposed for minimising neuroma formation following surgical
nerve resection;92 targeted muscle reinnervation is a particularly
promising method to minimise development of painful neuroma
postamputation.93 Management of neuroma developing after
incomplete nerve trauma is less developed and current strategies
include adjuvant neuropathic pain agents, local anaesthetic
and/or corticosteroid infiltration, and nerve ablative therapies,
such as phenol injection.

Besides promoting axonal regeneration, repetitive nerve
stimulation may also be a useful treatment modality in managing
painful traumatic neuromas following nerve injury. Peripheral or
spinal repetitive electrical stimulation may reduce pain asso-
ciated with postamputation neuromas.94 Low-frequency transcu-
taneous magnetic stimulation reduced neuroma-associated pain
in one small preliminary study.95 These non-invasive nerve
stimulation techniques may be useful adjunctive treatments fol-
lowing PNT or may have a role when conventional approaches
have failed.

Central adaptation after nerve injury
Despite successful reinnervation of target muscles, functional
recovery from PNI may be relatively poor. Much of this func-
tional impairment can be apportioned to reduced axon numbers
and altered MU morphology.96 In addition, regenerating axons
may reach target tissues with poor specificity such that the ori-
ginal function of the axon may not be matched with the func-
tion of the target organ.97 This phenomenon may be more
pronounced when greater distances regeneration are involved.

Central adaptation may play an important role in recovery, in
particular to overcome the inaccuracy of nerve regeneration,
although it remains more limited to disturbed sensory localisa-
tion or fine motor control.98 Central maladaptation may be an
important factor underlying the development of neuropathic
pain, dysaesthesia and dystonia following PNI and repair.
Harnessing and augmenting these central processes may be a
future consideration in planning treatment and rehabilitation
strategies.

Perhaps the most notable example of the influence of central
adaptation after nerve injuries may be seen in obstetric brachial
plexus palsy. Many children with this injury recover well with
conservative or operative approaches; however, up to 15% have
persistent severe deficits. A subgroup of these patients has dem-
onstrable MUs on EMG, but persistently impaired motor skills
using these reinnervated muscles.99 Experimental studies have
suggested that this may be due to a developmental apraxia, with
defective motor programming early in infancy.100 101

Central adaptation processes occur both at the spinal, cortical
and subcortical levels. Animal models have suggested spinal
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remodelling contributes to recovery following nerve injury, with
compensatory changes in spinal architecture seen after segmen-
tal axonal loss.102 Changes at the spinal level include altered
neuronal and reflex excitability, reduced inhibitory interneuronal
inputs, and remodelling of spinal circuitry and somatotopic
maps.98

Studies of the somatosensory and motor cortices are most fre-
quently used to describe brain changes following PNT. Rapid
changes in somatosensory and motor cortical maps occur after
injury.103 104 The areas representing the denervated territories
become inactive, but adjacent areas expand to occupy parts of
that territory.105 With reinnervation, the cortical maps revert
closer to normal,106 107 but cortical representations remain
distorted.

Controlling central remodelling
A key question is how to effectively guide central reorganisation
while avoiding the maladaptive outcomes described above.
A number of strategies have been developed and further investi-
gation is warranted.

Vigorous rehabilitation plays an important role in the recov-
ery from PNT by facilitating functional adaptation and prevent-
ing secondary tissue effects, such as contractures. In addition,
manipulating the flow of sensory and motor inputs can manage
maladaptive cortical plasticity. As an example, sensory discrimin-
ation or motor tasks result in the expansion of appropriate cor-
tical maps and refinement of receptive fields.108

More active interventions may also help shape central pro-
cesses. Repetitive nerve stimulation results in brain cortical
changes that outlast the duration of the stimulus.109

Synchronised peripheral nerve stimulation paired with transcra-
nial magnetic stimulation of the primary motor cortex produces
lasting increases in excitability of targeted muscles.110 Isolated
repetitive brain stimulation has been shown to be effective in
reducing chronic pain;111 this, however, remains untested in
other functional deficits following peripheral nerve injury. These
approaches may provide a method to more actively manage
severe PNT and further investigation may identify novel treat-
ment strategies.

CONCLUSION
The peripheral nervous system is unique in its ability to regener-
ate even after severe injuries, and this process involves a
complex interplay of cellular and anatomic factors. The
approach of ‘expectant observation’ may produce suboptimal
functional outcomes or result in excessive delay until definitive
management is instituted. Intraoperative electrophysiological
studies may provide the necessary information to enable timely
decision-making, but to date these are necessarily invasive.

On the basis of novel diagnostic techniques, in particular the
advances in peripheral nerve imaging, patients may be better
triaged to receive prompt surgical intervention where needed
and avoid invasive procedures when spontaneous regeneration is
likely. We also suggest that further exploration of non-invasive
strategies to augment nerve regeneration processes, such as
modulation of central and axonal plasticity through repetitive
stimulation and functional retraining paradigms, may provide
further benefit for patients with moderate and severe nerve
injury, including those patients in whom surgical intervention is
not needed.
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