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Abstract

The utilization of nerve transfer procedures in the upper extremity following brachial plexus injury, trauma, spinal cord
injury, tumors, infection, or other etiologies are well established. Nerve injuries in the lower extremity pose several
additional challenges, including longer distance to target motor end plates, delayed presentation, and concomitant limb
trauma. Nerve transfers in the lower extremity have the potential to provide functional (sensory or motor) recovery
distally after direct surgical coaptation of a functional donor nerve to a non-functional recipient nerve. The ability

to perform pure motor or sensory fascicular transfers allows for focused recovery while limiting donor morbidity.
Indications for nerve transfers in the lower extremity are evolving, but transfers have been utilized for non-recovering
peroneal, obturator, femoral, or tibial nerve palsies, to provide protective sensation to the plantar aspect of the foot as
well as for painful neuropathies/neuromas. There is a paucity of orthopaedic literature on this topic and our review aims
to highlight the current state of lower extremity nerve transfers as they relate to the practicing orthopaedist, including
future directions in the field.

Key Concepts
» Nerve transfers have been well-established as a treatment option for nerve injuries of the upper extremity and
brachial plexus, but their use in the lower extremities is less common.

» Nerve transfers may be of particular interest in the lower extremity because of the ability to cover relatively long
distances as well as avoid the zone of injury, especially in far proximal injuries.

* Nerve transfers of the lower extremity have been used to address motor deficit of the peroneal, femoral, obturator,
and tibial nerves, as well as tibial and sural nerve sensory loss.

* There is currently a paucity of orthopaedic literature on lower extremity nerve transfers and further understanding is
required to better utilize these techniques to manage lower extremity peripheral nerve injury.
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Introduction

The utilization of nerve transfer procedures in the upper
extremity following brachial plexus injury, trauma,
spinal cord injury, tumors, infection, or other etiologies
is well established.! Less common, however, are nerve
transfer procedures of the lower extremity. Currently,
investigations into nerve transfer of the lower extremity
are limited in the literature, even though nerve injury can
be a common occurrence encountered by orthopaedists
after trauma, complications following total joint
arthroplasty, or oncologic surgery.*> This review details
the existing literature on lower extremity nerve transfers
with a focus on orthopaedic applications, including future
directions in the field.

Peripheral nerve injury (PNI) has been classified by the
Sunderland classification as neurapraxia, axonotmesis,
or neurotmesis.®” Prior research has shown that PNI
has been found in 1.8% of lower extremity trauma and
that those with PNI are more likely to be younger men
involved in motorcycle crashes or to have a penetrating
injury.’ A thorough exam at the time of injury helps to
establish a baseline for treatment. Motor function of
peripheral nerves is graded using the British Medical
Research Council (BMRC) muscle grading system. A
score of 0 indicates no muscle contraction, while a 1 is
a flicker of muscle activity, 2 is full motion with gravity
eliminated, 3 is anti-gravity strength, 4 is less than full
and 5 is full motor strength.® If there is a nerve injury,
observation with electromyography (EMG) by 3 months
has been advocated as an initial strategy to evaluate for
a neurapraxia. Nerve injuries that do not resolve by this
time suggest either more complete injury or continued
insult such as nerve compression. Advanced imaging
such as MRI can help delineate the location of a PNI
while surgical exploration can free compressive injuries
as well as evaluate for the potential of primary nerve
repair.’

Primary repair is indicated if the nerve is sharply
sectioned without a wide zone of injury and that can be
brought together tension-free. For injuries that cannot
be repaired tension-free, autogenous nerve graft such as
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the sural nerve has been the gold standard of repair but
requires intact proximal and distal nerve targets with a
donor nerve with function that either can be sacrificed or
is redundant.” Nerve conduits can be used to direct nerve
regeneration, although their use is typically reserved for
shorter segment defects. If direct repair or graft is not
possible, nerve transfer with direct surgical coaptation
of a functional donor nerve to a non-functional recipient
nerve can be used.

Nerve transfers are of interest in lower extremity PNI
given the long distance that nerve grafts may have to
cover as well as the ability to avoid the zone of injury,
especially in far-proximal injuries. In a study of peroneal
nerve injuries, Kim et al. found that 88% of common
peroneal nerve stretch/compression injuries treated

with neurolysis regained useful function while 84% of
patients requiring direct repair regained useful function.
When nerve graft was required, likelihood of recovery
was inverse to the length of graft required, with 75% of
patients requiring graft repair of under 6 cm in length
recovering at least M3 peroneal function, while 38% of
patients with grafts of 6-12 cm recovered useful peroneal
function and only 16% of patients with graft length over
12 cm recovered useful function.!?

Recovery following any nerve repair is time sensitive,
as nerve regeneration occurs at a rate of 1 mm/day
and distal muscle groups may fibrose and no longer
be candidates for reinnervation after a period of 12-18
months.” Nerve transfer taken from the most distal
segment of the donor nerve coapted to the most proximal
viable segment of the recipient nerve shortens the
distance, and therefore time, for nerve regeneration

to occur. While there is the possibility of donor site
morbidity, preservation of function can be expected
even with up to 80% of the total axons of a nerve

harvested.!!-12

In purely sensory deficits or in partial motor deficit, a
“Supercharged End to Side” transfer (SETS) has been
proposed to preserve and possibly augment recovering
function distal to the zone of injury. Peters et al. in their
work on femoral nerve palsies using either sartorius,
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adductor longus or gracilis donor motor branches
demonstrated recovery from a mean preoperative MRC
score of 2.33 to at least MRC grade 4+ following SETS
transfer for partial femoral nerve palsy. In this study,
patients with motor unit action potentials (MUAP) at
the recipient nerve as well as intraoperative response

to electrical stimulation underwent SETS alone, while
patients with either present MUAP or intraoperative
response to stimulation received both SETS and end to
end transfer (ETE). Patients with no response underwent
ETE alone.'?

Indications and Contraindications

Nerve transfer is indicated when PNI is identified with
the following: 1) Absence of any motor function at 3

to 12 months after injury; 2) Gap between nerve ends
too long for primary repair or grafting; and 3) Proximal
nerve end not available for repair. The goals of recovery
is a stable hip joint capable of bearing weight, which
utilizes the hip abductor complex. Next is the ability to
ambulate with a normal gait, focusing on the quadriceps
and hamstrings proximally as well as push-off and
ankle dorsiflexion distally. Protective sensation of

the plantar foot is also of importance, preventing the
formation of ulcers that can cause infection.!'® To this
end, nerve transfers in the lower extremity have been
utilized for non-recovering peroneal, obturator, femoral,
or tibial nerve palsies to provide protective sensation

to the plantar aspect of the of foot as well as for painful

neuropathies/neuromas. 417

In general, nerve transfers are not the preferred surgical
technique when other surgical options will provide
similar or improved outcomes with less morbidity, and
treatment should follow the least invasive or most likely
to succeed step from the reconstructive ladder above.
Contraindications for motor nerve transfers include delay
greater than 12-18 months since time of injury or donor
nerve strength is less than BMRC grade M4.3

General Principles

Motor Nerve Transfers: Motor nerve transfers require
direct end-to-end coaptation. The recipient nerve should
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first be dissected and directly stimulated to confirm the
absence of muscle contraction. If there is present motor
activity, neurolysis at any site of compression should be
done and SETS transfer can be considered. Once absence
of motor function is confirmed, the donor nerve is also
dissected and its function assessed by direct electrical
stimulation. This helps to confirm the specific motor
function of an individual fascicle transfer in order to
selectively sacrifice a nonessential motor function (e.g.,
toe flexors of the tibial nerve to peroneal branch to
tibialis anterior). Additionally, redundant innervation of
a given muscle can be identified, allowing for harvest
of similar axon numbers from donor to recipient as

is the case when harvesting multiple branches of the
anterior obturator nerve to the femoral nerve. This

is of importance because axonal mismatch has been
hypothesized as a cause of failure in nerve transfers, and
as a consequence, the relative size of the nerves planned
for transfer must be considered preoperatively.>!! If
individual fascicular transfer is being performed, internal
neurolysis of the donor nerve is performed and function
of the donor fascicle and the remaining donor nerve is
assessed.> Once the appropriate branches or fascicles are
selected, coaptation follows the mantra of “donor distal,
recipient proximal” to ensure enough length of each
fascicle for a tensionless repair.'® The recipient nerve
must be carefully evaluated to determine the zone of
injury to assess the proximal most point where coaptation
to healthy nerve tissue is possible. The donor nerve is
cut sharply distally to achieve the necessary length for
grafting. The coaptation can then be performed using
microsurgical technique in the standard fashion with a
tension-free repair. Importantly, sites of compression
along the transfer must be identified and freed as
necessary to prevent any impediment to recovery.!?

Sensory Nerve Transfers: Similar to motor nerve
transfers, end-to-end coaptation is preferred in sensory
nerve transfers; however, end-to-side transfers are also
successful in providing protective sensation.’ General
principles of nerve transfer are otherwise the same
between sensory and motor nerve transfers. In sensory
transfers, a donor nerve that does not provide critical
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sensation is used in order to regain critical sensation once
provided by the recipient nerve. Direct stimulation of the
target nerve can help prevent unintentional motor nerve
harvest. Sensory nerve transfers of the lower extremity
have been utilized to provide protective sensation to the
plantar aspect of the foot as well as for painful neuromas
of the deep peroneal nerve (DPN).!417.19

Nerve Transfers for Peroneal Nerve
Dysfuntion

The peroneal nerve is the most commonly injured
nerve in lower extremity trauma, representing an
estimated 50% of traumatic lower extremity nerve
injuries.’ Peroneal nerve injury can also be iatrogenic
(e.g., prolonged stretching, direct compression or
trauma during surgical procedures) or from a space-
occupying malignancy causing compression of the
nerve. Physical exam will demonstrate a foot drop

with loss of ankle dorsiflexion and eversion as well as
toe extension secondary to loss of the tibialis anterior,
extensor hallicus longus, and peroneal muscles as well
as diminished sensation over the anterolateral lower

leg and dorsum of the foot. Treatment typically begins
with fitting of a custom ankle foot orthosis (AFO) to
accommodate for the foot drop along with physical
therapy and observation of the nerve recovery. If no
recovery is seen by 2-4 months of observation alone,
surgical intervention can be considered.”!%122% Surgical
options follow the treatment algorithm outlined above.
Tendon transfer is the most common surgical treatment,
although it may not restore normal gait, and long-term
development of worsening deformity and arthritis in the
foot and ankle is possible.?!

Several cadaveric and in vivo studies have examined

the feasibility of using proximal motor branches of the
tibial nerve as donors for common peroneal nerve (CPN)
or deep peroneal nerve (DPN) injuries.'>?!-23 The first
series describing motor nerve transfers for peroneal
nerve injuries was in an eight-patient cohort of pediatric
patients in Iran who underwent diclofenac injection in
the gluteal region resulting in common peroneal nerve
palsy and one patient who had transection of the CPN

Copyright © 2023 JPOSNA®

after a stabbing injury.>* The treating surgeons performed
nerve transfers from the soleus and lateral gastrocnemius
branches of the tibial nerve to the DPN in an attempt to
regain ankle dorsiflexion. Of the nine patients, seven had
at least M4 recovery of ankle dorsiflexion by 6 months,
M4 recovery of extensor hallucis longus (EHL) by 8
months, and M3-4 recovery of remaining toe extension
by 10 months.?* The two patients who did not have
functional recovery had a CPN palsy prior to nerve
transfer of 14 and 18 months, which is likely beyond the
timeframe in which neuromuscular end plates remain
viable.”

Results have been inconsistent, however, with several
studies showing less than 50% of patients recovering
significant muscle strength by final follow-up. Leclere
et al. performed isolated partial tibial nerve to CPN
transfers on six patients with CPN palsies and had mixed
results, with only 3/6 (50%) patients achieving M4 ankle
dorsiflexion scores at final follow-up.?* Giuffre et al.
similarly performed partial tibial to CPN transfers on

11 patients with CPN palsies due to various etiologies
and reported MRC grades of 3/5 or greater in only 4/11
(36.4%) patients.?! Flores et al. performed transfers of
the tibial motor nerve to the soleus to the deep peroneal
nerve, with only three out of 10 (30%) patients regaining
BMRC grades of 3 or higher.!® However, Nath et al.
reported BMRC grade of 3 or higher in 11/14 (78.5%)
of patients with deep peroneal nerve injuries treated
with nerve transfer from either the tibial or superficial
peroneal nerve.?> One possible explanation for this
inconsistency is suggested by Crowe et al., who found
that failure after partial tibial nerve transfer to the deep
peroneal nerve was associated with mismatch of donor
axon quantity to recipient axon size.!! However, nerve
transfer remains a viable option in the appropriately
selected patient, and those who fail to demonstrate
adequate recovery may still be candidates for tendon
transfer.

Fascicles of the tibial nerve innervating the flexor
digitorum longus (FDL) or flexor hallicus longus (FHL)
have been chosen as donor nerves for transfer given
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their redundant innervation, the presence of stronger
push-off from gastrocnemius and soleus muscles, as
well as the possibility for compensation by remaining
intrinsic foot musculature.!! Their transfer to the DPN is
typically performed with the patient in a lateral position.
An oblique incision is made centered over the fibular
head. The CPN is identified and visualized as it branches
into the DPN and SPN. After decompression of the
DPN, electrical stimulation is used to confirm lack of
motor function in the tibialis anterior or toe extensors.
The interval between the peroneus longus and soleus

is opened, and the peroneus longus is elevated off the
anterior fibula to visualize the DPN branches into the
tibialis anterior muscle. The branching pattern is variable
here, so direct visualization of the nerve branches into
the tibialis anterior is essential. Similarly, the soleus is
elevated off the posterior fibula to identify the posterior
tibial neurovascular bundle. Intra-fascicular dissection
of the tibial nerve is performed to identify a redundant
fascicle to the FDL or FHL. The recipient nerve is
transected proximally and the donor nerve is transected
distally to give sufficient length for transfer. If needed,
the tibial fascicle can be passed through the interosseous
membrane for additional length; however, meticulous
care must be taken to ensure there is no site of
compression along the transfer. Tension-free coaptation is

Table 1. Lower Extremity Motor Nerve Transfers

performed using multiple interrupted 9.0 nylon epineurial
sutures along with fibrin glue (Video 1).

Other Motor Nerve Transfers

Femoral, obturator, and tibial nerve palsies can also
occur due to trauma, direct compression, maternal
obstetric complications or iatrogenic injury from intra-
pelvic surgery, or total joint arthroplasty. These can be
devastating injuries that severely hinder patients’ ability
to ambulate with a normal gait, even with assistive
devices. Table 1 summarizes the lower extremity motor
nerve transfers that have been described to date.

Femoral nerve palsies affecting the quadriceps
musculature can both weaken stabilization of the knee in
stance as well as prevent normal knee extension during
gait. Anatomic studies have demonstrated the feasibility
of motor branches of the obturator nerve to femoral
nerve transfers in the case of femoral nerve palsies.?%?’
Regaining femoral nerve function allows for adequate
knee extension, and studies have shown that using
branches of the anterior obturator nerve or nerves to the
sartorius can restore near-normal gait without significant
loss of adductor function.!>?8-32 Figure 1 depicts the
transfer of the gracilis branch of the obturator nerve to the
rectus femoris branch of the femoral nerve in a patient
with a femoral nerve laceration and large zone of injury.

Etiology Motor Deficit

Donor Nerve

Recipient Nerve

Ankle Dorsiflexion,
eversion

Peroneal Nerve Injury
(CPN/DPN)
- Traumatic

Proximal motor branches of tibial
nerve (Medial/Lateral Gastrocnemius | or Deep Peroneal Nerve (DPN)

Common Peroneal Nerve (CPN)

- latrogenic
- Tumor

branches, posterior branch to soleus,
branches to FHL/FDL)

Femoral Nerve Palsy

Knee Extension

Anterior branch of obturator nerve,
Sartorius nerve branches

Femoral Nerve

Obturator Nerve Palsy | Thigh Adduction Proximal branch of femoral nerve Obturator Nerve

- Obstetric

- latrogenic

Tibial Nerve Palsy Ankle Plantarflexion | Femoral Nerve branches or anterior | Medial/Lateral Gastrocnemius

branch of obturator nerve

branches of tibial nerve
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Figure 1. Clinical photographs of gracilis motor branch to rectus femoris motor branch

transfer. A) Long oblique incision marked on skin to include both exploration of the femoral
nerve and planned nerve transfer. B) Lacerated branches of the femoral nerve (yellow
arrows). C) The gracilis motor branch of the obturator nerve (black arrow) is passed deep
to the adductor muscles and superficial to the femoral vessels to reach the rectus femoris
motor branch (yellow arrow) of the femoral nerve. D) View through the microscope after

coaptation of the nerves using microsutures and fibrin glue.

Additionally, Spilopoulos et al. demonstrated the
effectiveness of nerve transfer in the reverse, using a
proximal branch of the femoral nerve to obturator nerve
for hip adduction deficits in a patient after pelvic surgery
for gynecologic malignancy.*?

Tibial nerve function to the gastrocnemius and soleus
muscles is crucial in providing push-off power for a
normal gait. Prior cadaveric studies investigating tibial
nerve palsies have demonstrated the potential to use
distal femoral nerve branches to vastus medialis and
vastus lateralis as donor nerves to the medial and lateral
gastrocnemius branches of the tibial nerve.?®?° Work
by Moore and Yin has demonstrated return of function
in ankle plantarflexion after nerve transfers from the
femoral and anterior branch of obturator nerve to the

gastrocnemius branches of the tibial nerve.?%3*

Sensory Nerve Transfers

Maintaining protective sensation over the plantar aspect
of the foot is of paramount importance as loss of plantar
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sensation can lead to ulcer formation and infection with
resulting amputation.'® Sensory nerve transfers to the tibial
nerve from the saphenous, sural, or branches of superficial
or deep peroneal nerve offer the ability to restore sensibility
to the plantar foot.!” Table 2 lists the sensory nerve
transfers that have been described for the lower extremity.

Koshima et al. describe a technique by which the distal-
most aspect of the DPN is identified in the first web
space and subcutaneously tunneled to the medial plantar
branch of the posterior tibial nerve with successful return
of protective sensation in that distribution.!” A study by
Agarwal et al. demonstrated not only restored sensation
but improved healing of chronic plantar ulcers present in
patients with leprosy after saphenous to posterior tibial
nerve transfer.!” Importantly, when compared to motor
transfers, the sensory saphenous nerve transfers in this
study were not limited by loss of motor end plates after
12-18 months and in fact, sensibility was able to be
restored after up to 5 years of complete anesthesia at the
plantar aspect of the foot.
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Table 2. Lower Extremity Sensory Nerve Transfers

Or
Distal aspect of DPN

Etiology Sensory Deficit Donor Nerve Recipient Nerve
Tibial Nerve Injury | Lack of protective plantar sensation | Saphenous Nerve/Sural Tibial Nerve
of the foot Nerve Or

Medial plantar branch of
tibial nerve

Symptomatic neuroma
following amputation (TMR)

Sural Nerve Injury Lateral foot/ankle numbness Saphenous Nerve Sural Nerve

Neuroma Formation | Painful Neuroma (in corresponding | Tibial Nerve CPN

- Amputation peripheral nerve distribution)

- latrogenic DPN Superficial Peroneal Nerve

(SPN)

Functional motor nerve
in adjacent musculature
(TMR)

The management of painful neuromas can be
challenging, and multiple surgical and non-surgical
treatment methods exist ranging from gabapentin,
neuroma ablation or excision, traction neurectomy, or
burying the neuroma in adjacent structures.®> Nerve
transfers have demonstrated a promising treatment
option for this difficult problem. Economides et al.
demonstrated the effectiveness of tibial to peroneal
nerve coaptation at the time of trans-femoral amputation
to decrease painful neuroma formation and phantom
leg pain. At 6 months, patients who underwent
coaptation had improved visual analog scale (VAS)
scores, less phantom leg pain, and were over seven
times as likely to be ambulating with a prosthesis when
compared to patients who underwent standard traction
neurectomy.?® Bibbo et al. demonstrated improved
VAS scores in patients with SPN neuromas following
anterior approach to the ankle for arthrodesis who
were treated with SPN to DPN transfers combined
with intermediary nerve allograft.'* Perhaps the most
exciting recent development is that of targeted muscle
reinnervation (TMR). Originally developed with an
aim of powering myoelectric prosthesis, this technique
has emerged as a viable option to decrease pain and
improve function following neuroma formation. In this
technique, the neuroma is excised to a healthy base
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of nerve fascicles which are coapted to a motor nerve
innervating a nearby muscle. This has been shown to

reduce both phantom pain and residual limb pain as well
as improved PROMIS, Neuro-QOL, and OPUS Rasch
scores in major limb amputees.?” Research by Chang

et al. into highly comorbid below knee amputation

patients also found that patients with TMR were not

only significantly likely to have less phantom limb pain

or residual limb pain, they were also more likely than
patients with traction neurectomy to be ambulatory and

off opiate mediation.>

Future Directions—Motor Transfers for

Acute Flaccid Myelitis

Acute Flaccid Myelitis (AFM) is an acute neurologic

process that affects the grey matter of the spinal cord

in children, preferentially affecting the anterior horn

cells resulting in a ‘polio-like’ presentation. Standard

of care consists of corticosteroids and intravenous

immunoglobulins, though recovery of motor function
is highly variable and permanent loss of function is
possible.?® Nerve transfers have emerged as a promising

option for patients with permanent motor functional

loss due to AFM, following similar principles to those

for other indications. Moore et al. outlined a case

series of eight patients with AFM, with transfers for
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gluteal, femoral, hamstring and gastrocnemius function
performed.'® Additionally, Lubelski et al. demonstrated
sciatic to femoral nerve transfer for obturator and
quadriceps paresis in four patients with AFM.3? Doi

et al. additionally reported the use of contralateral

obturator to restore left femoral nerve function 14 months

postoperatively.® Nerve transfers are a potentially
powerful tool in the treatment of AFM, as typically
grafting of these proximal lesions is not possible.

Complications

The studies evaluated for this review did not find
significant rates of major operative complications such
as hemorrhage or infection. Historically, there has
been concern for donor site nerve morbidity; however,
judicious selection of either redundant innervation

or functionally superfluous muscles can avoid this
complication. Additionally, leaving at least 20% of the
axons to a given muscle remain following harvest has
been reported to result in normal motor function.!'!-1?
Mild sensory deficits have been found in patients with
obturator transfer to the femoral nerve, but patients
did not find this sensory loss to be limiting.*’ Deficits
after branches of the tibial nerve are used as donor
nerves include deficits in toe flexion, decreased calf
circumference, or decreased ankle plantarflexion.?’
However, these deficits must be weighed against the

potential benefits of a successful nerve transfer.

Summary

While nerve transfers have long been used in the

upper extremity for both motor and sensory deficits,
their utility in the lower extremities is relatively new.
Nerve transfers offer the potential to restore function
to peripheral nerve injuries requiring large distances of
nerve autograft or in those injuries without sufficient
or accessible proximal nerve endings for grafting.
Appropriate selection of donor nerve can minimize
donor site loss of function by utilizing nerves with
redundant innervation or those powering muscles with
redundant or superfluous function. Taken in total, nerve
transfers offer an important step in the reconstructive
ladder for patients with peripheral nerve injury in
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the lower extremity as can commonly be seen by the
practicing orthopaedist. Given the promising outcomes
of lower extremity nerve transfers currently in the
literature, it is likely their use will continue to expand as
the orthopedic community becomes more familiar with
potential indications.

Additional Link

* American Academy of Orthopaedic Surgeons (AAOS)
Orthopaedic Video Theatre, Surgical Management of
Complete Footdrop via Partial Tibial Nerve Transfer
to the Motor Branch of the Tibialis Anterior.

Disclaimer

No funding was received. The authors have no conflicts
of interest to report related to the subject matter.
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