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Introduction
Overview
Peripheral nerve injuries require the coordinated management of neurologists and surgeons to fully appreciate the
indications for and timing of surgical intervention. The author thoroughly addresses the presentation, epidemiology,
and surgical and nonsurgical outcomes of commonly encountered brachial plexus and peripheral nerve injuries. In this
update, the author discusses the influence of timing on surgery for recovery of function in peripheral nerve and
brachial plexus injuries.
Key points
• Nerve injury can range from minor and transient alteration in sensation to severe and permanent interruption of
sensory and motor function.
• Timing of nerve injury repair depends on the mechanism of injury, the presence of recovery, and the anatomical
location of the injury.
• Nerve grafting techniques and augmentation strategies promise to improve rates of functional recovery in the
future.
Historical note and terminology
Historically, classification of nerve injuries was developed and used primarily for the assessment of war-related
injuries. In 1943, Seddon introduced a classification system based on 3 types of nerve injury (Seddon 1943). Later,
Sunderland expanded on this system by creating a classification based on 5 degrees of injury severity (Sunderland
1978). Both systems base themselves on peripheral nerve anatomy with particular emphasis on the endoneurium,
perineurium, and epineurium, which are the key connective tissue elements within a peripheral nerve. Both systems
also attempt to correlate the severity of the injury with the patient s clinical manifestations.
Seddon s simple classification yielded 3 terms that have become widely accepted as descriptors of the different types
of nerve injury. Neurapraxia, the mildest form, is often incomplete and produces a transient loss of function. Its key
feature is spontaneous recovery that occurs within hours to several months of injury and corresponds with Sunderland
grade 1 injury. Axonotmesis, or Sunderland grade 2 injury, refers to a complete interruption of the axon and myelin
sheath while preserving the endoneurial core connective tissue structure of the nerve. Often described as a “neuromain-continuity,” this type of injury results in an immediate loss of motor, sensory, and autonomic function distal to the
lesion. Spontaneous recovery can occur but requires more time than a neurapraxic injury and depends on a number of
factors that affect the rate of nerve regeneration. The final type of injury, neurotmesis, implies a complete disruption
of both the neural and connective tissue elements of a peripheral nerve. This type of injury is incompatible with
spontaneous recovery and will ultimately require surgical intervention if any function is to be regained (Seddon 1943;
Gentili and Hudson 1996). Sunderland grade 3 injury describes transection of the nerve axon and sheath with
preservation of the perineurium, and thus, includes elements of both axonotmesis and neurotmesis. The distinction
between Sunderland grade 4 and 5 has to do with preservation of the epineurium in the former.

Clinical manifestations
Presentation and course
The various clinical presentations of patients with peripheral nerve injuries are obviously dependent on the particular
nerve or nerves that have been injured as well as the severity and level of the lesion. It is the case with the majority of

traumatic peripheral nerve injuries that pain and loss of sensory and motor function are noted either immediately or
within days of the inciting traumatic event.
Brachial plexus injuries. The clinical manifestations of brachial plexus injuries are particularly dependent on the
specific elements of the plexus that have been injured. The plexus originates from the roots of C5 through T1. For the
most part, the C5 root generally gives rise to deltoid function, the C6 root to biceps function, the C7 root to triceps
function, the C8 root to the deep flexors of the hand and forearm, and the T1 root to the intrinsic muscle function of
the hand (Ducker and Garrison 1974). Using these motor functions as a guideline, along with the appropriate sensory
distributions, the extent of injury can often be determined by clinical examination.
Median nerve injuries. The most significant and debilitating clinical manifestation of a median nerve injury is loss of
pinch and grip strength secondary to denervation of the flexor pollicis longus muscle and the intrinsic muscles of the
thenar eminence (Kim et al 2001b). A median nerve injury occurring high in its course through the arm will also
decrease pronation strength, result in atrophy of forearm muscle mass, and cause sensation deficit of both the volar
and palmar aspects of the lateral 3.5 digits (Kim et al 2001b).
Radial nerve injuries. The radial nerve originates in the distal axilla and is susceptible at that site to compression
injuries, which produce “Saturday night palsy.” The hallmark of such a proximal radial nerve injury is the patient s
inability to extend the forearm secondary to loss of triceps innervation (Kline 1996). The majority of radial nerve
injuries occur at the midhumeral level secondary to fracture and present with sparing of triceps muscle function in the
face of more distal radial distribution loss such as a wrist drop and inability to extend the fingers and thumb (Kline
1996). Typically, the sensory deficits involved with radial nerve injury are minimal, involving only the dorsum of the
hand and the anatomical snuffbox region (Kim et al 2001a).
Ulnar nerve injuries. The ulnar nerve receives its entire contribution from the medial cord of the brachial plexus. In an
injury producing a total ulnar palsy, a patient will present with a classic hand posture in which there is partial flexion or
“clawing” of the little finger and, to a lesser extent, the ring finger (Kline 1996). In the case of a compression
syndrome, sensory symptoms in the form of paresthesias and numbness in the little and ring fingers may be the
patient s first complaint (Kline 1996). With time, patients will experience atrophy of the intrinsic muscles of the hand,
producing a characteristic appearance and significant hand weakness.
Spinal accessory nerve injuries. In 1993, Donner and Kline found the 2 most common complaints of 83 patients with an
extracranial spinal accessory nerve injury to be the inability to raise the arm above the horizontal plane and a
“dragging pain” in the shoulder. The inability to raise the arm was secondary to a degree of trapezius weakness
(particularly the upper trapezius) seen in all patients, whereas the dragging pain was thought to be due to downward
tension on the shoulder joint secondary to chronic sagging of the shoulder. Also, on physical exam, scapular winging is
a frequent finding distinguishable from the winging of serratus anterior palsy by its disappearance when the patient s
arm is raised forward, fully extended, and pushed against resistance (Donner and Kline 1993).
Sciatic nerve injuries. Injury to the sciatic nerve at the proximal buttock level or more distally at the midthigh level can
produce various symptoms depending on the amount of functional loss in the peroneal and tibial divisions of the nerve
(Kline et al 1998). The peroneal division lies posteriorly within the sciatic nerve making it prone to injury from
injections or hip fractures. Patients will present with a foot drop secondary to loss of dorsiflexion and eversion of the
foot as well as an inability to extend the toes (Kim and Kline 1996; Kline 1996). Injury to the tibial division of the sciatic
produces loss of plantar flexion and inversion of the foot as well as loss of toe flexion. Patients with primarily tibial
division injury complain mostly of a burning, hyperesthetic sole of the foot (Kline 1996).
Femoral nerve injuries. The femoral nerve is the largest branch of the lumbar plexus, arising from the anterior divisions
of L2, L3, and L4 spinal nerves (Kim and Kline 1995). Injury to this nerve within the pelvis will produce a loss of hip
flexion due to denervation of the iliopsoas muscle and a loss of knee extension secondary to denervation of the
quadriceps muscles. Patients will find it difficult, if not impossible, to climb stairs with this injury (Kline 1996). Injury to
the femoral nerve at the level of the pelvis will produce a variable loss of hip flexion and variable sensory loss in the
anteromedial thigh; however, absence of quadriceps function with loss of the patellar reflex will be uniform (Kline
1996). Thigh-level injury of the femoral nerve within the region of the femoral triangle will also produce a complete
loss of quadriceps function.
Prognosis and complications

Recovery of useful function distal to a nerve injury depends on a number of factors. The mechanism of injury is
probably the most important determinant. Other factors include the age of the patient, the type of surgical
intervention required, and the timing of the surgical intervention. In general, close to 90% of patients with recorded
intraoperative nerve action potentials experienced good functional recovery. End-to-end epineural repairs produced
good results in 70% of patients, compared with 50% of patients who had graft repairs. Of those patients with graft
repairs, shorter repairs had better results than grafts greater than 3 inches in length. Finally, patients who are treated
earlier do better than those treated later, and children tend to have far better outcomes than adults (Spinner and Kline
2000).
He and colleagues examined factors predictive of sensory and motor recovery after upper extremity peripheral nerve
injury (He et al 2014). In a metaanalysis, this group determined that predictors of improved functional recovery for
sensory deficits included female sex and a shorter length of the nerve defect. Length of the nerve defect was the
strongest predictor of outcome for sensory defects, with a 1 cm increase in the gap leading to an odds ratio of 0.59
favoring poor recovery. Regarding motor recovery, younger age, earlier, direct repair, female gender, and radial nerve
involvement were positive predictive factors (He et al 2014). A prospective analysis by Hundepool and associates in
upper extremity injuries found that male gender, older age, lower level of education, arterial injury, more extensive
nerve injury, and stress after trauma at 1 and 3 months were predictive of less complete recovery (Hundepool et al
2015). Wang and colleagues looked specifically at timing of repair excluding brachial plexus injuries and found 258
patients at a single center who underwent repair over a 5 and a half year period (Wang et al 2017). In this study,
favorable predictive measures included male sex, worse injury severity scores, lower extremity involvement, or
proximal involvement, and direct repair with timing of surgery not influencing outcome. The studies show that much of
this data is conflicting and extensive database creation would help better understand predictive factors after nerve
injuries.
Brachial plexus injuries. These injuries present a unique situation in that it is critically important to determine the
proximity of the lesion to the spinal cord. If proximal, it can result in death of the cell body, causing damage that is
irreparable (Dubuisson and Kline 1992). Presence of Horner syndrome, winging of the scapula due to long thoracic
nerve palsy, EMG evidence of paraspinal muscle denervation, dorsal scapular or phrenic nerve palsy, or myelographic
evidence of pseudomeningoceles are all bad prognostic findings that suggest extremely proximal injury to or avulsion
of the spinal nerve (Dubuisson and Kline 1992; Spinner and Kline 2000). In general, infraclavicular repairs do better
than supraclavicular repairs; C5, C6, and some C7 repairs fare better than the lower plexus elements of C8 and T1; and
lateral cord repairs are more successful than posterior cord repairs. Both lateral and posterior cord repairs fare better
generally than those involving the medial cord (Kline and Judice 1983; Spinner and Kline 2000).
Samii and colleagues reported a series of 44 brachial plexus injuries involving the musculocutaneus nerve.
Reinnervation of the biceps muscle was achieved in 72% of cases using a spinal accessory branch for neurotization.
Shorter segment nerve transfers had a higher success rate than patients treated within 6 months of their injury (Samii
et al 2003).
Dubuisson and Kline note improvement to a grade 3 (contraction of proximal muscles against some resistance)
recovery in 78% of patients with penetrating wounds and 58% of patients with stretch injuries. C5 and C6 stretch
injuries carried the most favorable prognosis. A posterior approach with some form of nerve grafting was used in all
but a few patients (Dubuisson and Kline 2002).
Reports have focused on long-term functional outcome of these patients. Ahmed-Labib and colleagues reported on
outcomes of 31 individuals with a mean follow-up of over 3 years. They found improved disability scores in patients
undergoing surgery within 6 months of injury and poorer scores in patients with root avulsion injuries both in terms of
pain and functional outcome (Ahmed-Labib et al 2007). Riess and colleagues looked at the same issue in a different
manner. They examined 29 individuals with brachial plexus injuries and compared groups with and without associated
scapulothoracic dissociation. They found short- and long-term differences between the groups with worsened
outcomes with scapulothoracic dissociation in terms of hospital stay, neurologic recovery, and mean muscle strength
with a median 60-month follow-up (Riess et al 2007). Moiyadi and associates opined that early detection and
intervention within 5.5 months of injury led to improved functional outcomes (Moiyadi et al 2007).
Sulaiman and colleagues evaluated brachial plexus injuries managed with nerve transfer operations with or without
direct brachial plexus element repair. They found excellent (90%) improvement in elbow flexion when medial pectoral
to musculocutaneous transfers were performed and 60% improvement in intercostals grafting procedures.

Improvement in shoulder adduction was seen more often with spinal accessory to suprascapular nerve transfers (95%)
than axillary nerve restoration procedures. Repair of brachial plexus elements at the time of nerve transfer tended to
lead to better outcomes (Sulaiman et al 2009).
Not every lesion is amenable to success with microsurgical repair, and chronic pain issues cripple many victims of
brachial plexus injury or avulsion. Sindou and colleagues performed microsurgical dorsal root entry zone lesions in 55
patients and found good to excellent pain control in 66% of patients; 71% showed an improvement in activity level
(Sindou et al 2005). Lefaucheur and colleagues investigated transcranial magnetic cortical stimulation in 12 patients
with arm pain from brachial plexus injuries and discovered superior results compared to patients with brainstem
stroke, but inferior results in individuals with facial pain (Lefaucheur et al 2004).
Kretschmer and colleagues assessed patient satisfaction after brachial plexus surgery. They found that 83% of
patients were satisfied with the results of renervation surgery. However, only 48% of patients were able to return to
work at a mean of 9 months after surgery. This study did suffer from a low response rate, potentially skewing the data
(Kretschmer et al 2009).
Median nerve injuries. At all levels (arm, elbow and forearm, anterior interosseous nerve, and wrist) the success of the
repair and ultimate functional recovery was closely related to whether the initial lesion was a complete transection or a
neuroma-in-continuity (Kim et al 2001b). Cleanly lacerated median nerves that were primarily repaired in the acute
stage achieved better functional recovery than bluntly lacerated nerves that required a delayed secondary repair. With
neuromas-in-continuity, those lesions that transmit nerve action potential recordings recover better than those that do
not; the latter require resection with graft repair (Kim et al 2001b).
Radial nerve injuries. Similar to median nerve injuries, functional recovery of radial nerve injuries depends on the
mechanism of injury and the type of surgical repair, with clean transections acutely repaired by end-to-end epineurial
anastomosis achieving the best results. Although the overall results of radial nerve injury repair are encouraging, 1
avoidable complication occurs frequently. Surgical repair of laceration injuries to the superficial sensory radial nerve
result in a high incidence of painful neuroma formation. To prevent this complication, the treatment of choice is to
simply resect the nerve. This has achieved cessation of pain symptoms in over 70% of patients (Kim et al 2001a).
Ulnar nerve injuries. Of all the upper extremity peripheral nerve injuries, repair of the ulnar nerve yields the poorest
outcome (Dubuisson and Kline 1992). Combined median and ulnar nerve injuries have an even worse prognosis than
an ulnar nerve injury alone. In the functional recovery that does occur, it has been found that good motor recovery
occurs more often than good sensory recovery (Jaquet et al 2001).
Spinal accessory nerve injuries. In most cases of extracranial spinal accessory nerve injury, recovery is the rule. In a
study of 83 patients with this type of injury, 39 were treated conservatively and 44 were treated surgically. Of those
treated conservatively, the majority exhibited a strong tendency for spontaneous improvement and eventually
achieved normalization of shoulder posture and, therefore, relief from the dragging pain that was their initial
presenting complaint. Of those treated surgically, the majority exhibited excellent postoperative recovery of arm
abduction, normalization of shoulder posture, and cessation of preoperative pain syndromes (Donner and Kline 1993).
Sciatic nerve injuries. Regardless of mechanism of injury, a study of 380 patients with sciatic nerve injuries revealed
that patients treated conservatively had an 80% chance of recovery of useful function in the tibial division distributions
and only a 60% chance of recovery of useful function in the peroneal division distributions. The majority of patients
with injection injuries recovered function spontaneously. Similarly, in the surgically treated patients, recovery in the
tibial division distributions was greater than recovery in the peroneal division distributions. Also, prognosis was better
for surgical patients when their injuries were at the thigh level rather than at the buttock level (Kline et al 1998).
In isolated peroneal nerve injuries after the split from the sciatic nerve, functional recovery after graft repair is largely
dependent on the length of the grafts. Seventy-five percent of patients with grafts less than 6 cm recovered enough
function to walk without requiring a foot brace. Only 35% of patients with graft lengths between 6 and 12 cm and 14%
of patients with graft lengths more than 12 cm were able to make this type of functional recovery within 3.5 years
postoperatively (Kim and Kline 1996). In a follow-up study, the authors reported excellent function (88% excellent
return of function) in patients requiring neurolysis alone with documented nerve action potentials. Ability to perform
end-to-end suture repair also led to a high (84%) functional recovery rate. Once again, longer grafts were associated
with poorer outcomes (Kim 2004).

Femoral nerve injuries. In a study of 78 patients with traumatic femoral nerve injuries, the majority required surgical
intervention due either to a lack of clinical and electrical spontaneous recovery or due to partial injuries complicated
by pain. Despite a proximal pelvic level for the majority of injuries and, as a result, lengthy graft repairs, the recovery
of some useful function was the rule rather than the exception. Most patients had some nerve regeneration and decent
recovery of function by 2 years postoperatively (Kim and Kline 1995).
Clinical vignette
A 29-year-old female was involved in a motor vehicle accident in July 2001, in which she suffered a laceration to the
right arm with subsequent ulnar nerve dysfunction. Physical examination found a well-healed transverse incision
proximal to the medial malleolus. There was a Tinel sign over the distal ulnar distribution and sensory loss in a typical
ulnar pattern. Motor loss was appreciated in the ulnar innervated intrinsic hand musculature and a Froment sign was
present. Preoperative EMG showed right ulnar motor conduction delay. Sensory ulnar transmission was absent.
Operative exploration was planned.
Operative repair was attempted approximately 5 months postinjury. Positioning was performed identically as for an
ulnar nerve release with the incision. Postoperatively, pain was improved. Motor and sensory function was unchanged
but awaits longer follow-up.

Biological basis
Etiology and pathogenesis
There are 2 major categories of nerve injury, each with a variety of etiologies. In transection, the nerve is completely
severed leaving 2 separate ends. In the second category, the injury creates a neuroma-in-continuity, in which the
gross nerve remains intact despite variable mechanisms of injury and variable loss of function.
Transecting injuries are most often the result of a soft tissue laceration by such sharp, metal objects as surgical
instruments, knives, glass, and propeller blades. Fortunately, sharp and clean transections of nerve are favorable for
early surgical repair. However, only 30% of serious nerve injuries are caused by this mechanism of injury (Kline and
Hudson 1995a). Transected nerves by definition produce a neurotmetic lesion in which there is complete loss of
function with no hope for recovery without surgical intervention (Gentili and Hudson 1996).
Between 60% and 70% of serious nerve injuries seen in a clinical practice will be neuromas-in-continuity. A number of
different etiologies may be responsible: stretch, traction, contusion, and ischemia from compression, injection,
electrical, and thermal injuries. Stretch, traction, and contusion injuries are by far the most common and can result
from a number of mechanisms. Fractures with and without joint dislocation, birth injuries secondary to difficult
delivery, gunshot wounds or other high-velocity missiles, and iatrogenic injuries from surgical retraction are all
mechanisms that can produce a stretch, traction, or contusion injury to a peripheral nerve. Ischemia and compression
injuries are often seen together because peripheral nerves are critically dependent on blood flow. Common
mechanisms include pressure palsies due to unconsciousness or anesthesia, acute compression by hematoma
formation or vascular aneurysms, compartment syndromes, and entrapment neuropathies. Injection injuries are a
surprisingly common form of iatrogenic injury to peripheral nerves. The nerve injury itself is a result of either the
needle placement or the injected toxic agent. Electrical and thermal injuries are less common forms of peripheral
nerve injury. Electrical injuries can result from accidental contact of an extremity with a high-tension wire, whereas
thermal injuries often result from exposure to flame, steam, or other hot elements (Kline and Hudson 1995a; Gentili
and Hudson 1996).
Some specific peripheral nerve injuries are more often caused by particular mechanisms, which are discussed below.
Brachial plexus injuries. Brachial plexus injuries are not rare, and the majority affects relatively young people involved
in traffic (especially motorcycle) accidents. Stretch injuries by far constitute the largest category, as many as 70% in 1
study (Dubuisson and Kline 1992). The remaining categories consist of gunshot wounds, lacerations by glass, knife, or
metal, and iatrogenic injuries (Kline and Judice 1983). Obstetric brachial plexus palsies represent a special subgroup of
stretch and contusion injuries, the management of which remains a highly controversial area (Spinner and Kline 2000).
In a series of 100 consecutive cases, Dubuisson and Kline report that 27 were due to motorcycle injuries and 23 were
from penetrating trauma; 9 wounds were iatrogenic. No clear overriding pattern of injury was seen (Dubuisson and
Kline 2002). Another large series of brachial plexus injuries documented that the majority of lesions (52%) involved the

trunks, with 36% at the level of the cords and 12% at the trunks. Distribution of injury was more even for gunshot
wounds and more slanted toward the trunks in injuries resulting from motor vehicle accidents (Bowles et al 2004).
Median nerve injuries. In a study of 250 patients with median nerve injuries, the most common mechanism of injury
seen at all levels of the nerve was laceration. At the arm level, gunshot wounds and humerus fractures were also
associated, whereas at the elbow, forearm, and wrist, stretch and contusion injuries were prominent. The highest
percentage of iatrogenic injuries occurred at the elbow level secondary to injection in the cubital fossa (Kim et al
2001b).
Radial nerve injuries. In a study of 180 patients with radial nerve injuries requiring surgical intervention, the
mechanism of injury in over half involved midhumeral fractures or laceration of the upper extremity. The remainder of
patients suffered injuries primarily from gunshot wounds, contusions, and compressions (Kim et al 2001a).
Ulnar nerve injuries. Most ulnar nerve lesions that require surgical intervention are secondary to entrapment and
compression at the elbow. Isolated and acute ulnar nerve injuries as a result of trauma are relatively rare. Often, they
are found in combination with median nerve injuries at the wrist level. The most frequent mechanism of injury is
accidental laceration by glass followed by knife wounds and lacerations from attempted suicide (Jaquet et al 2001).
Spinal accessory nerve injuries. Injury to the extracranial portion of the spinal accessory nerve is relatively uncommon.
When it does occur, the injury is usually to the portion of the nerve running in the posterior cervical triangle. The most
common etiology is iatrogenic injury secondary to minor surgery for benign lymph node biopsy. Injury to the nerve is
also caused by other neck-related operations, stretch or contusion injuries, and stab or glass wounds (Donner and
Kline 1993).
Sciatic nerve injuries. The sciatic nerve is the most frequently injured lower extremity nerve (Kline 1996). In 1 series of
380 patients, 60% of these injuries occurred at the buttock level with injection injuries being the etiology in over half.
The remaining 40% occurred at the thigh level and were usually the result of gunshot wounds, femur fractures,
lacerations, or contusion (Kline et al 1998). At the knee, the peroneal and tibial division of the sciatic nerve split to
form distinct nerves. The peroneal nerve in particular takes an oblique course that places it in close proximity to the
fibular neck. This superficial location makes it extremely vulnerable to injury, especially to stretch and contusion
injuries with or without fracture of the fibula as well as iatrogenic injury during open or arthroscopic procedures on the
knee joint (Kim and Kline 1996). In a study of 318 common peroneal nerve injuries, 44% of injuries occurred due to
stretch or contusion without bony injury, 12% involved direct laceration, 9% were entrapments, 7% were due to
stretch injuries with bony fracture, 13% involved nerve or soft tissue tumors, 7% were caused by external nerve
compression from other causes, and 4% were due to gunshot wounds or iatrogenic injuries (Kim 2004).
Femoral nerve injuries. In a study of 78 patients with traumatic femoral nerve injuries, 60% of patients suffered
iatrogenic injury secondary to inguinal herniorrhaphy, total hip replacement, intra-abdominal vascular or gynecologic
operations, and other operative procedures within the vicinity of the nerve. Additional injuries resulted from
penetrating gunshot and stab wounds, laceration by glass, and stretch or contusion injuries secondary to pelvic
fracture (Kim and Kline 1995).
Missile injuries. Wartime experience with painful peripheral nerve injury from missile wounds dates back to Weir
Mitchell and the American Civil War. Roganovic and Mandic-Gajic reported their experience with 326 such injuries at
the Belgrade Military Medical Academy. Out of a cohort of 3091 overall nerve injuries, 12.3% of patients had painful
nerve injuries. Pain was more common following injuries to the median, ulnar, and tibial nerves and less likely with
involvement of the peroneal, femoral, and radial nerves. Both the time of onset of the pain and the clinical
characteristics were difficult to predict from the nerve involved or the severity of the neurologic deficit (Roganovic and
Mandic-Gajic 2006a).
Response to peripheral nerve injury is at first degenerative and then ultimately regenerative. With complete disruption
of the nerve, the resulting gap fills with either hematoma or adjacent soft tissue. Within an hour of injury, the proximal
end of the injured nerve swells, and a variable amount of retrograde degeneration occurs depending on the
mechanism of injury, less in clean lacerations and more in gunshot wounds (Ducker 1996). At the same time, the open
end of the proximal stump heals over and forms a neuroma with the aid of connective tissue proliferation. The distal
end of the injured nerve also undergoes early degenerative change; however, it is the severed axons themselves that
are degenerating. A distal stump neuroma forms at the nerve end but is made up primarily of reactive mesenchymal

tissue cells without neural elements (Ducker and Garrison 1974).
Wallerian degeneration is a term that applies to changes in the distal nerve stump only. Initiated on axonal death, this
process involves complete breakdown of the axons within 2 weeks, digestion of the surrounding myelin fragments, and
phagocytosis of all cellular debris by metabolically active Schwann cells within 6 weeks (Ducker and Garrison 1974).
Although the fascicular anatomy persists in the distal stump, the nerve itself shrinks, and with time this shrinkage
becomes irreversible, making surgical repair nearly impossible.
In injuries that do not completely disrupt the nerve (neuromas-in-continuity) or in nerves that have been surgically
reapproximated, there exists the possibility of axonal regeneration. There is a variable delay before new axonal
sprouting occurs at the proximal stump, the length of which is determined by the mechanism of injury. In neurapraxic
lesions where the nerve is simply contused, axons may begin to sprout across the injury site in as early as 10 days
(Ducker and Garrison 1974).
The regeneration process requires the restoration of large quantities of axonal lipids and proteins, the synthesis of
which occurs in the nerve cell body before being transported down the axon via axoplasmic flow (Ducker 1996). These
synthesized materials accumulate at the injury site and form growth cones, from which the axonal sprouting
originates. Regeneration of axons down a peripheral nerve trunk averages about 1 mm per day or 1 inch per month
(Ducker and Garrison 1974; Ducker 1996). Other groups have established the importance in cell adhesion molecules
such as NCAM in guiding axonal regrowth. Franz and colleagues found that highly polysialylated NCAM allowed
appropriate targeting of muscle pathways for nerve regeneration compared to knockouts for NCAM and wild type
treated enzymatically to please the polysialylated moiety that regenerated without specific guidance to muscle after
experimental femoral nerve injury (Franz et al 2005).

Epidemiology"
Lad and colleagues performed a comprehensive review of epidemiological trends for upper extremity peripheral nerve
injuries to the median, ulnar, and radial nerves as well as the brachial plexus. They found that between 1993 and
2006, the overall incidence of these injuries decreased slightly; whereas the cost associated with these injuries
increased significantly. The majority of the injuries were seen in metropolitan areas (95%) and were treated at
academic institutions (75%) (Lad et al 2010).
War has always been an unfortunate source of peripheral nerve injury research. Birch and associates have presented a
comprehensive look at injuries and outcomes in peripheral nerve injuries suffered by British troops in the Middle East.
They describe 100 patients with 261 injuries. Most of the wounds were caused by explosive injuries and most also
involved open wounds. Most patients (69%) also had an associated vascular or orthopedic injury. The nerve lesions
were fairly evenly divided between neuropraxia (45%), axonotmesis (35%), and neurotmesis (20%) injuries. Only 9
patients were able to return to full duty. Approximately two thirds of patients had good outcomes and only 7% had
poor results at 28 months (Birch et al 2012a; Birch et al 2012b).

Diagnostic workup
Clinical examination. Few disorders deserve such a thorough history and physical examination as do peripheral nerve
injuries. During the workup, it is vital to answer 3 major questions. First, what was the mechanism of the injury? The
answer will provide important information about the severity of the injury and possible management of the lesion.
Secondly, was the injury likely to produce a transected nerve or a neuroma-in-continuity? Again, the answer will
provide important information about the management of the lesion. Finally, where is the level of the lesion, and how
complete is the patient s loss of function? Answering this requires intimate knowledge of the motor, sensory, and
autonomic distribution of the nerve in question. The information gathered may hint at the patient s prognosis for
recovery of function (Kline et al 1992).
On physical examination, in addition to close inspection for muscle atrophy, it is important to grade both the loss of
sensory and motor function. A grading system not only allows for an initial evaluation of functional loss, but also
provides a way to monitor recovery of function over time. A useful system developed at the Louisiana State University
Medical College includes motor grades for contraction with various amounts of resistance and sensory grades that
place greater and more practical emphasis on the patient s ability to localize stimuli (Kline et al 1992; Spinner and
Kline 2000).

A common error made during motor examination is the failure to recognize substitution of other muscles to produce
the action being tested. For example, a patient with a complete palsy of the biceps and brachialis muscles secondary
to a musculocutaneous nerve injury can still flex their forearm using the brachioradialis muscle, which is innervated by
the radial nerve (Kline and Hudson 1995b). This type of mistake highlights the need for a thorough examination of all
major muscles in the limb in which nerve injury is suspected.
During testing of sensory function, it is essential to test for sensation in the zones of a nerve that are not clouded by
overlap from adjacent nerves. This ensures that the findings are attributable to a single nerve only. Similarly, a nerve
can be tested for autonomic function by looking at the presence or absence of beads of sweat in a nerve s autonomous
zones (Kline et al 1992).
One key physical finding is the presence or absence of Tinel sign. Eliciting a Tinel sign involves sharp percussion over
the course of the injured nerve distal to the site of injury (Kline and Hudson 1995b). If doing so produces paresthesias,
Tinel sign is said to be positive. Acutely, Tinel sign can be useful in locating the level of nerve injury because any area
of focal nerve injury will respond with local paresthesias on percussion (Kline et al 1992). With time, an advancing
positive Tinel sign indicates at least fine fiber growth through the lesion and into the distal stump; however, this
provides no predictive value with regard to the potential for significant distal functional recovery. A negative Tinel sign
several months postinjury may be a telling finding, as it provides strong evidence against significant neural
regeneration (Kline and Hudson 1995b).
Electrophysiological evaluation. Electrophysiological evaluation of a peripheral nerve injury is almost as important as
careful clinical examination. EMG is the most often used method of electrophysiological evaluation. In a normal EMG, 3
phases occur. The first phase is a brief burst of electrical (insertional) activity due to the placement of the needle
within the muscle. In the second phase the muscle is at rest. When it is normally innervated, the tracing at rest should
be flat. In the third phase, an electrical response in the form of a motor unit action potential is produced when the
patient attempts voluntary contraction of the muscle or when the technician stimulates the nerve that supplies it (Kline
et al 1992).
For the first few days postinjury, the distal nerve can still be stimulated to produce distal muscle function because
Wallerian degeneration requires time to proceed down the distal stump of a nerve. However, after 48 to 72 hours this
response to stimulation no longer occurs. Denervational changes on EMG do not appear until at least 2 to 3 weeks
postinjury. Typical denervational changes include: (1) loss or extreme reduction of insertional activity during the first
phase of EMG testing, (2) spontaneous firing of rapid, biphasic, low-amplitude waves, or (3) fibrillations instead of a flat
tracing when the muscle is at rest. A poorly formed or absent motor unit action potential is obtained on attempted
muscle contraction (Kline et al 1992; Kline and Hudson 1995b). Reversal of these changes can occur and provides
evidence of some reinnervation (particularly in muscle most proximal to the lesion). However, clinical muscle
contraction may exist despite the presence of continued denervational changes on EMG, making it essential to test
muscles clinically rather than rely on EMG alone (Spinner and Kline 2000).
In addition to EMG evaluation, the clinician can also perform nerve stimulation, sensory conduction studies, or
somatosensory studies to further delineate the level of a particular lesion and follow its progress with respect to
regeneration and ultimate functional recovery.
Radiologic evaluation. Due to the common association between fractures and peripheral nerve injuries, plain film
radiographs of the affected limb are indicated. It is important to note, however, that the level of nerve lesion does not
always correlate to the level of the fracture (Kline et al 1992).
Myelography remains an important study when evaluating supraclavicular brachial plexus stretch injuries. The finding
of a meningocele suggests that the force of the injury was enough to produce an arachnoidal tear, suggesting that the
spinal root itself may be avulsed. Bertelli and Ghizoni examined the ability of CT myelography combined with clinical
examination to differentiate between brachial plexus root avulsion and root rupture. This guided surgical planning
when considering root grafting for rupture as opposed to nerve transfers for brachial plexus injuries when there was
root rupture. They assessed a supraclavicular Tinel sign and retention of shoulder retraction along with an absence of
root rupture on CT myelogram to predict a graftable C5 or C6 cervical root 96% of the time. They had poorer results
with MRI in a limited number of patients (Bertelli and Ghizoni 2006).
Doi and colleagues have described a novel MRI imaging technique known as overlapping coronal-oblique slice imaging.

In a series of 35 patients with brachial plexus injuries, MRI was equivalent to CT myelography in detecting root
avulsions. Theoretically, this could provide an advantage in terms of ease of accessibility and patient comfort (Doi et al
2002).
Another MR-based imaging modality that has been employed to evaluate peripheral nerve injuries is MR neurography.
Du and associates reported use of this technique in 191 patients with peripheral nerve injuries (Du et al 2010). MR
neurography showed abnormal signal and was able to help localize the site of nerve injuries, correlated well to EMG,
and provided additional/supplemental localization in 45% of patients. MR neurography was useful both pre- and
postoperatively and was especially useful when EMG was inconclusive. Marquez Neto and colleagues used the same
technology to correlate with postoperative recovery and restoration of function after traumatic ulnar nerve repair
(Marquez Neto et al 2016). Upadhyaya and associates demonstrated utility of MR neurography in distinguishing
individual root and trunk injury in patients with brachial plexus lesions (Upadhyaya et al 2015).
High-resolution ultrasonography is another emerging technology in the evaluation of peripheral nerve injuries. Toros
and colleagues used this technology in 26 cases (Toros et al 2009). In every case that was explored surgically, there
was correlation between the ultrasonographic images and the clinical findings. Nerve bundle transaction, axonal
swelling, neuroma formation, and partial lacerations could all be identified with ultrasound.

Management
Two options exist for the management of peripheral nerve injuries: nonoperative and operative. Surgical management
in particular has long been a controversial area. It is critical to understand both the indications for surgery based on
mechanism of injury and especially the timing for surgical intervention, as it is timing which appears to have the most
impact on successful outcome (Dubuisson and Kline 1992).
Timing. Injuries suspected of producing complete transection of a peripheral nerve are 1 indication for relatively early
operation. In clean transections, typically following knife, glass, scalpel, or razor blade injuries, surgery within 72 hours
allows an excellent opportunity for end-to-end suture repair (Spinner and Kline 2000). This type of primary repair by
epineurial anastomosis yields the best results with regard to functional recovery (Dubuisson and Kline 1992). In some
injuries where the nerve is bluntly transected by auto metal, machinery, propeller blades, etc., it is best to delay
surgical repair for several weeks. This delay allows the initial degenerative changes to occur in both nerve ends,
making the proximal and distal neuromas easy to identify by the time of operation. Resection back to healthy tissue
can then be carried out during the repair (Spinner and Kline 2000). If an injury is explored acutely and found to be a
ragged or blunt transection, the 2 nerve ends can be “tacked” to adjacent soft tissue to prevent their retraction.
Secondary surgical repair can then be done after 2 to 4 weeks have passed (Kline 1982; Dubuisson and Kline 1992;
Spinner and Kline 2000).
Wang and colleagues analyzed 311 patients with acute penetrating and nonpenetrating peripheral nerve injuries
(Wang et al 2017). Of the 258 patients who underwent operative repair, there was no statistical difference in functional
recovery between patients with repair within or after 24 hours. The authors concluded that peripheral nerve repair
could be staged and was not necessary at the time of abdominal, chest, or cranial damage control procedures.
The timing of repair for traumatic brachial plexus injuries remains controversial. A database analysis by Martin and
associates reviewed 43 individual studies and concluded that there was a clear delineation with better results with
surgery within 6 months of the traumatic event (Martin et al 2018). Motor outcomes, pain scores, and quality of life
were all improved with earlier intervention. Because of the potential for spontaneous recovery, a 3-month delay was
considered warranted, but optimal recovery was advised with intervention between 3 and 6 months postinjury.
The vast majority of peripheral nerve injuries will not be transections. Instead, they will produce a neuroma-i-continuity, and it is within this category of injuries that allowing time for spontaneous regeneration to occur before
attempting surgical repair is so important. Several months of serial clinical and electrophysiologic examinations are
needed to recognize subtle evidence of recovery (Spinner and Kline 2000). During this time period, physical therapy
focusing on range-of-motion exercises is key to prevent joint fixation and contractures, and also to optimize functional
state once surgical repair is finally attempted.
In patients who demonstrate clinical or electrical evidence of return of proximal muscle function, nonoperative
management can be continued because the injury was likely neurapraxic or axonotmetic in nature (Dubuisson and

Kline 1992; Spinner and Kline 2000). Injuries that do not show evidence of functional recovery are likely neurotmetic in
nature and should be surgically explored. In suspected focal injuries from gunshot wounds, contusions, or fractures,
surgical exploration should occur around 2 to 3 months, whereas suspected lengthier lesions due to stretch injury
should be explored at 3 to 5 months (Spinner and Kline 2000).
Surgical options. Surgical exploration of the neuroma-in-continuity has been revolutionized by the introduction of
intraoperative nerve action potential recording. Nerve action potentials can be recorded from a whole nerve or from
individual fascicles. They provide a clearer picture of the extent of injury and regeneration, which is important because
the gross intraoperative appearance of an injured nerve can be misleading (Dubuisson and Kline 1992). Bipolar
stimulating and recording electrodes are used to obtain nerve action potential recordings. Initially, both electrodes are
placed proximal to the site of injury, and a nerve action potential is elicited. The nerve action potential is then
observed as the electrodes are moved into the neuroma-in-continuity and ultimately beyond (Kline 1982). The
presence of a nerve action potential distal to the site of injury provides evidence of either preserved axonal function or
significant axonal regeneration, both of which bode well for future functional recovery (Kline 1982; Spinner and Kline
2000). Similarly, the absence of a nerve action potential distal to the site of injury suggests a purely neurotmetic lesion
that will have little or no capacity for spontaneous regeneration.
The presence or absence of intraoperative nerve action potentials is important for determining the extent of surgical
repair required. When a nerve action potential is present, external neurolysis of the injured nerve (ie, circumferential
dissection to remove external scar tissue) will be sufficient to maximize functional recovery (Spinner and Kline 2000).
When a nerve action potential is absent, the entire neuroma-in-continuity should be resected both proximally and
distally to healthy neural tissue. The length of the gap between the new proximal and distal stumps determines the
repair at this stage.
When resection of the neuroma-in-continuity is required, all efforts should be made to repair the gap with an end-t-end epineurial anastomosis. However, a repair that places the nerve under undue tension must be avoided, as
distraction is the major cause of repair failure postoperatively. Methods to decrease the nerve gap and, therefore, the
tension on the site of repair include generous mobilization of the nerve ends, transposition of the nerve, and flexion of
the limb. When the length of the nerve gap makes an end-to-end repair impossible, it becomes necessary to use nerve
grafts to fill the gap. Ten percent is added to the measured nerve gap, and then either the patient s sural nerve or
antebrachial cutaneous nerve is harvested. The proximal and distal stumps are separated into fascicular groups and
the grafts sutured between them (Spinner and Kline 2000).
Occasionally, surgical exploration reveals a portion of the nerve to be intact and transmitting a nerve action potential,
whereas the portion immediately adjacent does not transmit a nerve action potential. In this case, a split repair
becomes necessary. The portion transmitting a nerve action potential is left alone to continue its spontaneous
recovery, whereas the adjacent, more severely injured portion is resected back to healthy tissue and a nerve graft is
placed (Spinner and Kline 2000).
Special circumstances. In the case of an extremely proximal injury to the brachial plexus causing a spinal root
avulsion, the technique of nerve transfers (neurotization) has become useful. In this technique, another nerve or
plexus element that is functional serves as a proximal donor for 1 that has an irreparable injury (Dubuisson and Kline
1992). Commonly used nerve transfers include the thoracic intercostals, medial or lateral pectorals, distal spinal
accessory, and descending cervical plexus. In the case of obstetric brachial plexus palsy, the length of required
regeneration is considerably shorter than in adults with brachial plexus injuries; therefore, initial conservative
management is strongly encouraged (Dubuisson and Kline 1992). Babies who show signs of recovery within the first
few months often achieve excellent spontaneous results; those who do not should undergo surgical intervention
(Spinner and Kline 2000).
In the case of fracture-related radial nerve injuries, a slightly longer period of observation has been recommended
because spontaneous recovery rates have been found to be as high as 76% (Kim et al 2001a). Similarly, a longer
period of observation is recommended for injection injuries most commonly involving the proximal radial and sciatic
nerves. Patients typically will have acute onset of symptoms after the injection; however, these injuries have a good
chance of achieving excellent functional recovery. Surgical intervention after 3 to 5 months is indicated only in those
cases with persistent and severe neurologic deficit or severe neuritic pain that is unrelieved by sympathetic blocks
(Spinner and Kline 2000).

Preganglionic injuries have generally been considered untreatable. Wu and colleagues described a novel strategy
employing cervical laminectomy followed by reconnection of the injured roots to the spinal cord using a combination of
sural nerve grafts with a mixture of fibrin glue and acidic fibroblast growth factor (Wu et al 2009). They found
improvement in muscle strength postoperatively in 16 of 18 patients.
Missile injuries. Deficits and pain following penetrating injuries are felt to be relatively refractory to available treatment
modalities. In the wartime experience of Roganovic and Mandic-Gajic, 79% of patients with painful penetrating
peripheral nerve injuries were treated with surgery – 82 as an initial treatment modality and 176 after failed
pharmacological therapy. Multimodality therapy was least effective for deafferentation pain but successful with
neuralgia either due to neuroma formation, foreign body compression, or compression syndromes. For complex
regional pain syndrome, direct surgery was ineffective, and a combination of drug therapy and sympatholysis was
most effective. The authors speculate that dorsal root entry zone (DREZ) ablation might help the patients with
deafferentation pain (Roganovic and Mandic-Gajic 2006b).
New horizons. Peripheral nerve transplantation has long been investigated as an alternative or adjunct to autologous
grafting techniques in the peripheral nervous system (Schmidt and Leach 2003). Dam-Hieu and colleagues describe
using peripheral nerve grafts to bridge between the lumbar dorsal roots and the dorsal columns of rats after thoracic
cordotomy. Three months after surgery, half the animals had regained some nociceptive potential, and retrograde
labeling into the dorsal root ganglia via the nerve grafts by 9 months was seen in two thirds of animals (Dam-Hieu et al
2002). Cui and colleagues have described use of autogenic and allogenic peripheral nerve sheaths populated with
purified neonatal Schwann cells or adult olfactory ensheathing glia. They witnessed evidence of both myelinated and
unmyelinated axons along the nerve sheath in their rat model (Cui et al 2003).
Brooks and colleagues expanded this work into a clinical trial. Processed allograft was employed in a multicenter trial
involving 132 nerve injuries. Only 76 patients had adequate follow up. The mean graft length was 22 mm. Meaningful
recovery was seen in 87% of patients. Only a 5% revision rate was seen (Brooks et al 2012). Squintani and associates
used processed allograft in 10 patients with brachial plexus injuries and saw regeneration of motor function in every
instance (Squintani et al 2013). Cho and colleagues reported on upper extremity injuries treated with allograft as part
of a prospective registry, and found meaningful recovery in 75% of median and 67% of ulnar repairs (Cho et al 2012).
Another modality employed experimentally is the use of therapeutic ultrasound to enhance nerve regeneration. Raso
and colleagues found a significant improvement in nerve fiber density and functional sciatic regeneration in animals
treated with pulsed ultrasound compared to controls at 21 days (Raso et al 2005).
Rochkind describes the use of low-power laser radiation as an adjunct in the repair of peripheral nerves (Rochkind
2009). He describes preclinical research showing nerve cell growth in response to phototherapy both in culture and a
rat sciatic nerve injury model, as well as promising results in a pilot clinical trial. This strategy has been employed
successfully in experimental models of nerve injury. Medalha and colleagues found improvement in recovery after
sciatic nerve injury in rats with low-level laser therapy (Medalha et al 2012). In a critical review, Al-Shengiti and
Oldham document the success in preclinical studies but caution that current clinical research is inadequate to address
the clinical efficacy (Al-Shengiti and Oldham 2014).
Liu and Liu performed a meta-analysis of 41 studies including 3304 patients using nerve growth factor. They concluded
that nerve growth factor resulted in superior outcomes with an increase in generally mild adverse events (Liu and Liu
2012).
Collagen-coated tubes have become commercially available to aid in nerve regeneration. Two clean ends of a
damaged nerve are placed in either end of a tube and gently sutured to the tube. The tube itself promotes direct
regrowth and reinnervation. Ichihara and associates describe improved regeneration in a canine peroneal nerve model
with a novel tube that adds poly (L-lactic) acid to the commercially available polyglycolic acid product (Ichihara et al
2009). Hood and colleagues have coupled axon guidance tubes with autologous Schwann cells to try to enhance
axonal regeneration (Hood et al 2009).
Some reports have described encouraging progress in the use of stem cells to guide peripheral nerve regeneration
after injury. Walsh and colleagues showed improved regeneration of nerve gaps with skin-derived stem cell
augmentation (Walsh et al 2009). Wakao and associates showed survival of bone marrow-derived stem cells that were
induced into Schwann cell differentiation up to a year after treatment (Wakao et al 2010). Gu and associates were able

to demonstrate the formation of new neuromuscular junctions and the arrest of muscle atrophy after stem cell
implantation in a tibial nerve injury model (Gu et al 2010). Cheng and colleagues were able to track and quantitate
nerve recovery using MRI after experimental nerve injury (Cheng et al 2011). However, the mechanism of the
treatment effect is not yet clear. Erba and colleagues used adipose-derived stem cells to enhance axonal growth in an
experimental model of sciatic nerve injury (Erba et al 2010). They found few viable cells after transplantation and
opined that growth factor release by the stem cells was more important than differentiation into neural tissue.
Zhang and colleagues have reported preclinical trials successfully using bone marrow-derived mesenchymal stem cells
to improve sciatic nerve recovery in experimental models (Zhang et al 2014; Zhang et al 2015) These and other
reports have engendered enthusiasm about combining this technology with Schwann cell conduits for improved nerve
regeneration (Zack-Williams et al 2015; Bhangra et al 2016).

References cited
Ahmed-Labib M, Golan JD, Jacques L. Functional outcome of brachial plexus reconstruction after trauma. Neurosurgery
2007;61(5):1016-22. PMID 18091278
Al-Shengiti AM, Oldham JA. The use of phototherapy in peripheral nerve regeneration: an updated critical review.
Expert Rev Neurother 2014;14(4):397-409. PMID 24552573
Bertelli JA, Ghizoni MF. Use of clinical signs and computed tomography myelography findings in detecting and
excluding nerve root avulsion in complete brachial plexus palsy. J Neurosurg 2006;105(6):835-42. PMID 17405253
Bhangra KS, Busuttil F, Phillips JB, Rahim AA. Using stem cells to grow artificial tissue for peripheral nerve repair. Stem
Cell Int 2016;2016:7502178. PMID 27212954
Birch R, Misra P, Stewart MP, et al. Nerve injuries sustained during warfare: part I: Epidemiology. J Bone Joint Surg Br
2012a;94:523-8. PMID 22434470
Birch R, Misra P, Stewart MP, et al. Nerve injuries sustained during warfare: part II: Outcomes. J Bone Joint Surg Br
2012b;94:529-35. PMID 22434471
Bowles AO, Graves DE, Chiou-Tan FY. Distribution and extent of involvement in brachial plexopathies caused by
gunshot wounds, motor vehicle crashes, and other etiologies: a 10-year electromyography study. Arch Phys Med
Rehabil 2004;85(10):1708-10. PMID 15468035
Brooks DN, Weber RV, Chao JD, et al. Processed nerve allografts for peripheral nerve reconstruction: a multicenter
study of utilization and outcomes in sensory, mixed, and motor nerve reconstructions. Microsurgery 2012;32:1-14.
PMID 22121093
Cheng LN, Duan XH, Zhong XM, et al. Transplanted neural stem cells promote nerve regeneration in acute peripheral
nerve traction injury: assessment using MRI. AJR Am J Roentgenol 2011;196(6):1381-7. PMID 21606303
Cho MS, Rinker BD, Weber RV, et al. Functional outcome following nerve repair in the upper extremity using processed
nerve allograft. J Hand Surg Am 2012;37(11):2340-9. PMID 23101532
Cui Q, Pollett MA, Symons NA, Plant GW, Harvey AR. A new approach to CNS repair using chimeric peripheral nerve
grafts. J Neurotrauma 2003;20(1):17-31. PMID 12614585
Dam-Hieu P, Liu S, Choudhri T, Said G, Tadie M. Regeneration of primary sensory axons into the adult rat spinal cord
via a peripheral nerve graft bridging the lumbar dorsal roots to the dorsal column. J Neurosci Res 2002;68(3):293-304.
PMID 12111859
Doi K, Otsuka K, Okamoto Y, Fujii H, Hattori Y, Baliarsing AS. Cervical nerve root avulsion in brachial plexus injuries:
magnetic resonance imaging classification and comparison with myelography and computerized tomography
myelography. J Neurosurgery 2002;96(3 suppl):277-84. PMID 11990835
Donner TR, Kline DG. Extracranial spinal accessory nerve injury. Neurosurgery 1993;32(6):907-10. PMID 8392146

Du R, Auguste KI, Chin CT, Engstrom JW, Weinstein PR. Magnetic resonance neurography for the evaluation of
peripheral nerve, brachial plexus, and nerve root disorders. J Neurosurg 2010;112(2):362-71. PMID 19663545
Dubuisson A, Kline DG. Indications for peripheral nerve and brachial plexus surgery. Neurol Clin 1992;10(4):935-51.
PMID 1331739
Dubuisson A, Kline DG. Brachial plexus injury: a survey of 100 consecutive cases from a single service. Neurosurgery
2002;51(3):673-82. PMID 12188945
Ducker TB. Pathophysiology of peripheral nerve trauma. In: Wilkins RH, Rengachary SS, editors. Neurosurgery. 2nd
edition. New York: McGraw-Hill, 1996:1812-6.
Ducker TB, Garrison WB. Surgical aspects of peripheral nerve trauma. Curr Probl Surg 1974:1-62. PMID 4415994
Erba P, Mantovani C, Kalbermatten DF, Pierer G, Terenghi G, Kingham PJ. Regeneration potential and survival of
transplanted undifferentiated adipose tissue-derived stem cells in peripheral nerve conduits. J Plast Reconstr Aesthet
Surg 2010;63(12):e811-7. PMID 20851070
Franz CK, Rutishauser U, Rafuse VF. Polysialylated neural cell adhesion molecule is necessary for selective targeting of
regenerating motor neurons. J Neurosci 2005;25(8):2081-91. PMID 15728848
Gentili F, Hudson AR. Peripheral nerve injuries: types, causes, grading. In: Wilkins RH, Rengachary SS, editors.
Neurosurgery. 2nd edition. New York: McGraw-Hill, 1996:1802-12.
Gu S, Shen Y, Xu W, et al. Application of fetal neural stem cells transplantation in delaying denervated muscle atrophy
in rats with peripheral nerve injury. Microsurgery 2010;30(4):266-74. PMID 19967766
He B, Zhu Z, Zhu Q, et al. Factors predicting sensory and motor recovery after the repair of upper limb peripheral
nerve injuries. Neural Regen Res 2014;9(6):661-72. PMID 25206870
Hood B, Levene HB, Levi AD. Transplantation of autologous Schwann cells for the repair of segmental peripheral nerve
defects. Neurosurg Focus 2009;26(2):E4. PMID 19435444
Hundepool CA, Utlee J, Nilhuis TH, Houpt P, Research Group ‘ZERO , Hovius SE. Prognostic factors for outcome after
median, ulnar, and combined median-ulnar nerve injuries: a prospective study. J Plast Reconstrur Surg 2015;68(1):1-8.
PMID 25448370
Ichihara S, Inada Y, Nakada A, et al. Development of new nerve guide tube for repair of long nerve defects. Tissue Eng
Part C Methods 2009;15(3):387-402. PMID 19226199
Jaquet JB, Luijsterburg AJ, Kalmijn S, Kuypers PD, Hofman A, Hovius SE. Median, ulnar, and combined median-ulnar
nerve injuries: functional outcome and return to productivity. J Trauma 2001;51(4):687-92. PMID 11586160
Kim DH, Kam AC, Chandika P, Tiel RL, Kline DG. Surgical management and outcome in patients with radial nerve
lesions. J Neurosurg 2001a;95:573-83. PMID 11596951
Kim DH, Kam AC, Chandika P, Tiel RL, Kline DG. Surgical management and outcome in patients with median nerve
lesions. J Neurosurg 2001b;95:584-94. PMID 11596952
Kim DH, Kline DG. Surgical outcome for intra- and extrapelvic femoral nerve lesions. J Neurosurg 1995;83:783-90. PMID
7472543
Kim DH, Kline DG. Management and results of peroneal nerve lesions. Neurosurgery 1996;39(2):312-9. PMID 8832668
Kim DH, Murovic JA, Kline DG. Management and outcomes in 318 operative common peroneal nerve lesions at the
Louisiana State University Health Sciences Center. Neurosurgery 2004;54(6):1421-8. PMID 15157299
Kline DG. Timing for exploration of nerve lesions and evaluation of the neuroma-in-continuity. Clin Orthop
1982;(163):42-9. PMID 7067266

Kline DG. Diagnostic approach to individual nerve injuries. In: Wilkins RH, Rengachary SS, editors. Neurosurgery. 2nd
edition. New York: McGraw-Hill, 1996:1833-45.
Kline DG, Hudson AR, editors. Mechanisms and pathology of injury. In: Nerve injuries: operative results from major
nerve injuries, entrapments, and tumors. Philadelphia: WB Saunders Company, 1995a:30-53.
Kline DG, Hudson AR, editors. Clinical and electrical evaluation. In: Nerve injuries: operative results from major nerve
injuries, entrapments, and tumors. Philadelphia: WB Saunders Company, 1995b:55-85.
Kline DG, Hudson AR, Zager E. Selection and preoperative work-up for peripheral nerve surgery. Clin Neurosurg
1992;39:8-35. PMID 1333932
Kline DG, Judice DJ. Operative management of selected brachial plexus lesions. J Neurosurg 1983;58(5):631-49. PMID
6834110
Kline DG, Kim D, Midha R, Harsh C, Tiel R. Management and results of sciatic nerve injuries: a 24-year experience. J
Neurosurg 1998;89(1):13-23. PMID 9647167
Kretschmer T, Ihle S, Antoniadis G, et al. Patient satisfaction and disability after brachail plexus surgery. Neurosurgery
2009;65(4 Suppl):A189-96. PMID 19927067
Lad SP, Nathan JK, Schubert RD, Boakye M. Trends in median, ulnar, radial, and brachioplexus nerve injuries in the
United States. Neurosurgery 2010;66(5);953-60. PMID 20414978
Lefaucheur JP, Drouot X, Menard-Lefaucher I, et al. Neurogenic pain relief by repetitive transcranial magnetic
stimulation depends on the origin and the site of pain. J Neurol Neurosurg Psychiatry 2004;75(4):612-6. PMID
15026508
Liu YR, Liu Q. Meta-analysis of mNGF therapy for peripheral nerve injury: a systematic review. Chin J Traumatol
2012;15:86-91. PMID 22480671
Marquez Neto OR, Freitas T, Mendelovitz P, Schetchtman N, Kessler I. An initial clinical experience to improve
postoperative monitoring of peripheral nerve regeneration following neurotmesis using magnetic resonance imaging at
1.5 Tesla. J Neurosurg Sci 2016;60(3):329-38. PMID 24844170
Martin E, Senders JT, DiRisio AC, Smith TR, Broekman MLD. Timing of surgery in traumatic brachial plexus injury: a
systematic review. J Neurosurg 2018. [Epub ahead of print] PMID 29999446
Medalha CC, Di Gangi GC, Barbosa CB, et al. Low-level laser therapy improves repair following complete resection of
the sciatic nerve in rats. Lasers Med Sci 2012;27(3):629-35. PMID 22009383
Moiyadi AV, Devi BI, Nair KP. Brachial plexus injuries: outcome following neurotization with intercostals nerve. J
Neurosurg 2007;107(2):308-13. PMID 17695384
Raso VV, Barbieri CH, Mazzer N, Fasan VS. Can therapeutic ultrasound influence the regeneration of peripheral nerves.
J Neurosci Methods 2005;142(2):185-92. PMID 15698658
Riess KP, Cogbill TH, Patel NY, Lambert PJ, Mathiason MA. Brachial plexus injury: long-term functional outcome is
determined by associated scapulothoracic dissociation. J Trauma 2007;63(5):1021-5. PMID 17993946
Rochkind S. Phototherapy in peripheral nerve regeneration: From basic science to clinical study. Neurosurg Focus
2009;26(2):E8. PMID 19199510
Roganovic Z, Mandic-Gajic G. Pain syndromes after missile-caused peripheral nerve lesions: part 1--clinical
characteristics. Neurosurgery 2006a;59(6):1226-36. PMID 17277685
Roganovic Z, Mandic-Gajic G. Pain syndromes after missile-caused peripheral nerve lesions: part 2--treatment.
Neurosurgery 2006b;59(6):1238-49. PMID 17277686
Samii A, Carvalho GA, Samii M. Brachial plexus injury: factors affecting functional outcome in spinal accessory nerve

transfer for the restoration of elbow flexion. J Neurosurg 2003;98(2):307-12. PMID 12593616
Schmidt CE, Leach JB. Neural tissue engineering: strategies for repair and regeneration. Annu Rev Biomed Eng
2003;5:293-347. PMID 14527315
Seddon HJ. Three types of nerve injury. Brain 1943;66:237-88.
Sindou MP, Blondet E, Emery E, Mertens P. Microsurgical lesioning in the dorsal root entry zone for pain due to brachial
plexus avulsion: a prospective series of 55 patients. J Neurosurg 2005;102(6):1018-28. PMID 16028760
Spinner RJ, Kline DG. Surgery for peripheral nerve and brachial plexus injuries or other nerve lesions. Muscle Nerve
2000;23(5):680-95. PMID 10797390
Squintani G, Bonetti B, Paolin A, et al. Nerve regeneration across cryopreserved allografts from cadaveric donors: a
novel approach for peripheral nerve reconstruction. J Neurosurg 2013;119(4):907-13. PMID 23889141
Sulaiman OA, Kim DD, Burkett C, Kline DG. Nerve transfer surgery for adult brachial plexus injury: 1 10-year
experience at Louisiana State University. Neurosurgery 2009;65(4 Suppl):A55-62. PMID 19927079
Sunderland S. Nerves and nerve injuries. 2nd edition. Edinburgh: Churchill Livingstone, 1978:133-41.
Toros T, Karabay N, Ozaksar K, Sugun TS, Kayalar M, Bal E. Evaluation of peripheral nerves of the upper limb with
ultrasonography: a comparison of ultrasonographic examination and the intra-operative findings. J Bone Joint Surg Br
2009;91(6):762-5. PMID 19483229
Upadhyaya V, Upadhyaya DN, Kumar A, Gujral RB. MR neurography in traumatic brachial plexopathy. Eur J Radiol
2015;84(5):927-32. PMID 25740699
Wakao S, Hayashi T, Kitada M, et al. Long-term observation of auto-cell transplantation in non-human primate reveals
safety and efficiency of bone marrow stromal cell-derived Schwann cells in peripheral nerve regeneration. Exp Neurol
2010;223(2):537-47. PMID 20153320
Walsh S, Biernaskie J, Kemp SW, Midha R. Supplementation of acellular nerve grafts with skin derived precursor cells
promotes peripheral nerve regeneration. Neuroscience 2009;164(3):1097-107. PMID 19737602
Wang E, Inaba K, Byerly S, et al. Optimal timing for repair of peripheral nerve injuries. J Trauma Acute Care Surg
2017;83(5):875-81. PMID 28590354
Wu JC, Huang WC, Huang MC, et al. A novel strategy for repairing preganglionic cervical root avulsion in brachial
plexus injury by sural nerve grafting. J Neurosurg 2009;110(4):775-85. PMID 19119881
Zack-Williams SD, Butler PE, Kalaskar DM. Current progress in use of adipose derived stem cells in peripheral nerve
regeneration. World J Stem Cells 2015;7(1):51-64. PMID 25621105
Zhang Y, Zhang H, Zhang G, Ka K, Huang W. Combining acellular nerve allografts with brain-derived neurotrophic
factor transfected bone marrow mesenchymal stem cells restores sciatic nerve injury better than either intervention
alone. Neural Regen Res 2014;9(20):1814-9. PMID 25422643
Zhang YR, Ka K, Zhang GC, et al. Repair of peripheral nerve defects with chemically extracted acellular nerve allografts
loaded with neurotrophic factors-transfected bone marrow mesenchymal stem cells. Neural Regen Res
2015;10(9):1498-506. PMID 26604913
**References especially recommended by the author or editor for general reading.

Former authors
Michael Ayad MD PhD and Kelly Schmidt MD

ICD and OMIM codes

ICD codes
ICD-9:
Injury to peripheral nerve(s) of shoulder girdle and upper limb: 955
Injury to peripheral nerve(s) of pelvic girdle and lower limb: 956
ICD-10:
Injury of peripheral nerves of neck: S14.4
Injury of peripheral nerves of thorax: S24.3
Injury of peripheral nerve(s) of abdomen, lower back and pelvis: S34.6
Birth injury to the peripheral nervous system: P14

Profile
Age range of presentation
00-01 month
02-23 months
02-05 years
06-12 years
13-18 years
19-44 years
45-64 years
65+ years
Sex preponderance
male=female
Family history
none
Heredity
none
Population groups selectively affected
None selectively affected
Occupation groups selectively affected
None selectively affected

Associated disorders
Brachial plexus injuries
Femoral nerve injuries
Median nerve injuries
Radial nerve injuries
Sciatic nerve injuries
Spinal accessory nerve injuries
Ulnar nerve injuries

Other topics to consider
Brachial plexus injuries
Cardiac catheterization: neurologic complications
Chiropractic manipulation: neurologic complications

Complex regional pain syndrome
General anesthesia: neurologic complications
Medical complications of stroke
Neurotrophic factors
Neurotrophic factors for treatment of neurotrauma
Peripheral neuropathies: treatment with neurotrophic factors
Peroneal neuropathy
Sciatic neuropathy
Sports activities: neurologic complications
Ulnar neuropathy at the elbow
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