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Nerve Transfers Following Cervical Spinal Cord Injury:
A Review and Reconstructive Algorithm

Joseph A. Ward, Dominic M. Power’

Department of Plastic Surgery, Royal Marsden NHS Foundation Trust, Chelsea, London, 'Birmingham Hand Centre, New Queen Elizabeth Hospital Birmingham,
Edgbaston, Birmingham, UK

ABSTRACT

Background: Cervical spinal cord injury (CSCI) is a devastating consequence of trauma. Restoration of upper limb function can improve
quality of life, reduce long-term care needs and is highly rated by patients. Methods: We performed a non-systematic review of all studies
reporting nerve transfer in CSCI to derive a putative reconstructive algorithm based primarily on nerve transfers. Results: For CSCIs above C5,
no intraplexal donors exist. For CSCls at C5 or below, axillary nerve (C5) branches may be transferred to triceps to restore elbow extension,
musculocutaneous nerve (C6) branches may be transferred to the median nerve to restore pronation/ finger flexion whilst nerve branches to
supinator (C6) may be transferred to re-innervate finger extensors. Further functional gains such as re-innervation of hand intrinsics, accessory
respiratory function and postural control of the trunk may be possible but are not reported. Conclusions: Nerve transfers following CSCI
represent an emerging area of upper limb surgery where bespoke surgical strategies undertaken early during rehabilitation course have the

potential to change functional outcomes.
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“To someone who has nothing, a little is a lot.”
— Sterling Bunnell

INTRODUCTION

Cervical spinal cord injury (CSCI) is a devastating
consequence of trauma. In the US, it has an incidence of
24 cases per million population, and over 166,000 people are
thought to live with tetraplegia.l"! Patients are often young,
healthy, and economically active individuals that lose their
independence to significant personal and societal cost.[**
One of the most disabling sequelae of CSCI is the loss of
upper limb function. Multiple surveys of tetraplegic patients
demonstrate that patients rate return of upper limb function
very highly.’! This is unsurprising when considered that
improved function can facilitate greater ability of patients to
self-feed, self-catheterize, wash, and partially assist carers
with transfers. In one survey of 681 spinal cord injury patients,
tetraplegic respondents ranked return of hand function above
control of bladder, bowel, and sexual functions as well as
chronic pain.[¥ In another survey of tetraplegic patients, 77%
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of respondents felt that improved hand function would lead
to an important or very important improvement in quality
of life.”

The return of upper limb function following CSCI can be
achieved through the use of tendon transfers, arthrodesis,
or nerve transfer procedures. Of these procedures, nerve
transfers demonstrate early promise with selective nerve
fascicle transfer providing scope for restoration of prehensile
grip with minimal surgical morbidity and limited sacrifice of
donor muscle innervation.’® Nerve transfers for restoration
of upper limb function are not new and have been widely
undertaken following brachial plexus and peripheral nerve
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injuries. However, more recently, there has been increased
interest following CSCI. In this paper, we summarize the
published nerve transfer work for CSCI to date supplementing
previous work®!? in a nonsystematic literature review, we
also formulate a hypothetical and putative algorithm to
guide surgical reconstruction of upper limb function based
primarily on nerve transfers that may be used to inform surgical
decision-making.

MATERIALS AND METHODS

A non-systematic literature review of all identifiable
published works available through PubMed reporting nerve
transfer following traumatic CSCI was undertaken. The
following search terms were employed in combination or
alone: “nerve transfer,” “tetraplegia,” “quadriplegia,” and
“cervical spinal cord injury.” The reference list of every
identifiable article was examined for further relevant
studies. Studies not written or translated into English
were excluded. No studies were excluded on the basis
of publication date. Every study identified through the
literature review was reviewed by the primary author,
and in discussion with the senior author, an algorithm for
reconstructing upper limb function based primarily on
nerve transfer was synthesized.

29

REsuLTS

We identified 23 published studies that reported nerve
transfer in 101 patients since 1965 and these are summarized
in Table 1. The mean age of patients that received nerve
transfer was 28.1 years (range: 12—72). The median number
of nerve transfers performed per patient was 1 (range:
1-4). The mean time that had elapsed between CSCI and
first episode of surgery per study was 28.1 months (range:
4-156) while the mean duration of follow-up per study was
16.6 months (range: 3—-60). After close appraisal of each
study identified, a reconstructive algorithm was constructed
and stratified according to CSCI level. The reconstructive
algorithm is outlined in Table 2.
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Figure 1: Hierarchy of prioritized movements

DiSCUSSION

In constructing our algorithm, we prioritized functional
gains into a hierarchy of movements [Figure 1]: active elbow
extension, active wrist extension, active finger flexion,
active finger extension, and active intrinsic muscle function
targeting maximal functional gain for least opportunity
cost. Where possible, we have been mindful of synergistic
movements through the tenodesis effect, for instance,
targeting active wrist extension to harness passive finger
flexion. We have chosen to prioritize proximal muscle
reinnervation, in particular, triceps function because this
facilitates the positioning of the upper limb in space and
also allows the elbow to act as a stable post for distal
musculature.

We identified a paucity of possible nerve transfers for
CSClIs above C5 due to the limited donors but increasingly
significant opportunities for reconstruction of upper limb
function between C5 and C8. We have chosen to base the
algorithm on several key transfers, in particular, the transfer
of a fascicle from the axillary nerve to the long head of
triceps through an anterior approach, nerve to brachialis
transfer to the anterior interosseous nerve (AIN), and
nerve branches to supinator transfer to the distal posterior
interosseous nerve (PIN). These are transfers that have been
employed by a number of surgeons in the literature with
increasing international experience. We avoided extraplexal
transfers to ensure donor morbidity was limited to the upper
limb.

CSClIs above C5

For CSCIs above C5, only muscles innervated by the cervical
plexus, phrenic nerve, or cranial nerves retain innervation
limiting surgical options. Cranial nerve transfers (accessory
and hypoglossal nerve) have been described in obstetric3+3
and adult traumaticP brachial plexus injuries with good
success but high donor morbidity: sacrifice of ipsilateral
volitional tongue and neck function. In CSCI patients who
already have very little volitional control over any movement
at the outset, 50% loss of tongue movement devastatingly
impedes chewing and swallowing and could prevent control
of a wheelchair using tongue or mouth controls. Similarly,
accessory nerve transfer while technically feasiblel*7-*%
carries significant morbidity: ipsilaterally reducing retained
neck movement and accessory muscles of respiration (in
patients with already compromised respiratory function) and
weakening retained scapular stability. In this context, We do
not agree that extraplexal nerve transfers to the upper limb
should be undertaken. In cases of high CSCI where there is
concomitant lower motor neuron phrenic nerve dysfunction
due to extensive C3—5 nerve root injury, a targeted transfer
of the spinal accessory nerve may provide cough assist and
achieve temporary independence from ventilation. This
transfer has been demonstrated to be technically feasible in
cadaveric studies,* " but no clinical case reports of its use
have been published to date.
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C5-6 injuries

For mid-cervical CSCIs (C5—6), a combination of three
to four nerve transfers are possible and these can be
supplemented by tendon transfers where necessary. For
restoration of elbow extension, the transfer of axillary
nerve (posterior branch) onto the medial or long head of
triceps is the best option. Published work has employed the
anterior or posterior divisions of the axillary nerve with
equivalent efficacies, and anatomically, the divisions are
equivalent in diameter and number of myelinated nerve
fibers and demonstrate little variation.[*!! Interestingly, it has
been shown that the risk of deltoid denervation is low due
to its dual innervation from both the anterior and posterior
branches of the axillary nerve in 89.1% of patients.'*”) We
suggest the transfer of the posterior division due to its
greater proximity to the radial nerve triceps branches and
the redundant nature of its original innervation (shoulder
extension) in tetraplegia, but difficulties in isolated clinical
testing of teres minor motor function preoperatively may
result in clinical uncertainty.

For restoration of wrist extension, we consider transfer of
nerve branch to supinator or brachioradialis to extensor carpi
radialis brevis (ECRB) to be the best option. This is based
on the rationale that provision of wrist extension facilitates
passive finger flexion and extension through the tenodesis
effect. Where an intact extensor carpi radialis longus exists,
restoration of ECRB function augments the strength of wrist
extension and tames radial deviation. When brachioradialis
innervation is unavailable for provision of wrist extension,
nerve to supinator should be employed, however, where
this is unavailable nerve to brachialis may be used with
subsequent acceptance of passive finger flexion. Nerve to
supinator or brachioradialis transfer to ECRB has not been
clinically described, but the former has been shown to be
anatomically feasible!*¥ with overlap between ECRB and
supinator nerve branches arising from the PIN and a mean
of 2.3 nerve branches to the supinator muscle providing
redundancy.[*¥

For provision of active finger flexion, nerve to brachialis
transfer to AIN should be employed (flexor digitorum
superficialis [FDS] and pronator teres [PT] branches).
This is commonly reported in the literature and carries
low donor morbidity where biceps brachii function
remains intact. The transfer also provides the possibility
of restoring thumb function, although brachioradialis
to flexor pollicis longus tendon transfer may provide
a stronger key pinch.?"" Theoretically reinnervation of
flexor carpi ulnaris is possible although the functional gain
would be limited when wrist extension is intact because
wrist flexion can be brought about through gravity. The
brachialis to AIN transfer necessitates the dissection of
FDS and PT fascicular bundles from the AIN making the
procedure technically more involved than other transfers.
Nonetheless, its near ubiquitous use in the literature
underpins potential for restoring finger flexion where

other transfers are unavailable. For patients with C5-6
CSCIs where nerve to supinator is unavailable for PIN
transfer, finger extensor tenodesis is recommended for
finger extension due to the paucity of other nerve transfer
strategies available for restoring active finger extension.

C6/7 injuries

For injuries at this level, the recommended algorithm
is similar to that for injuries at C5—6 and C6 although
reasonable wrist extension can be assumed. Good wrist
extension allows guaranteed availability of nerve branch
to supinator transfer to PIN for restoration of active finger
extension. This is a well-reported transfer and facilitates
the ability to open up the first web space for key pinch.?
Results can be improved with fusion of the distal radioulnar
joint although this limits forearm rotation?* and may also
be augmented with PT to extensor pollicis longus tendon
transfer.[*]

C7 and C7/8 injuries

C7 and C7/8 CSClIs benefit from patients having varying
degrees of digital extension which allows surgeons to focus
primarily on reconstructing finger flexion and intrinsic muscle
function. As for high-level injuries, finger flexion may be best
restored through nerve branch to brachialis transfer to AIN. In
the absence of distal AIN innervation, it is recommended that
intrinsic reinnervation is sought through distal nerve transfer
of PIN branches to extensor indicis proprius (EIP), extensor
pollicis brevis (EPB), and abductor pollicis longus (APL) to
deep ulnar and recurrent median nerve fascicles, a transfer that
has been reported in combined peripheral median and ulnar
nerve injuries. 4647

C8 injuries

For C8 CSCls, the goal is a complete restoration of normal
upper function. PIN branches to EIP, EPB, and APL can
be transferred to recurrent median or deep ulnar nerve
fascicles or AIN nerve branches to pronator quadratus can
be transferred to deep ulnar nerve dependent on surgical
preference. This recommendation considers C8 CSCls
essentially analogous to peripheral ulnar nerve injuries. %4
Once again, there is no published literature demonstrating
this transfer for CSCI, but reports from peripheral nerve
injuries demonstrate improvements in grip strength and
lateral pinch.

CONCLUSION

This paper presents a putative algorithm to guide reconstruction
of upper limb function following CSCI, demonstrating that
nerve transfer for functional reconstruction of CSCI is an
area of hand surgery with very significant potential, but
an evidence base limited to experimental case series and
reports. In this context, the algorithm presented should not
be perceived as a reconstructive protocol but as a provocative
adjunct guided by functional priorities that should always be
allied to the expertise of specialist surgeons. We encourage
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Table 2: Reconstructive algorithm

Level of  Opportunities for nerve Possible strategies
CSCI transfer
>C5 Limited CNXII transfers - low success rates. CNXI transfer risks sacrificing only remaining intact movement.
Possibility of transferring CNXI lateral branch to long thoracic nerve or phrenic nerve where lower motor
neurone injury
C-C5 Significant 1. Axillary nerve fascicle (posterior branch) transfer to medial or long-head of triceps
2. Nerve to brachioradialis transfer for ECRB branches
3. Nerve to brachialis transfer to AIN (inc nerve to PT)
4. Extensor tenodesis
If brachioradialis unavailable substitute supinator
If supinator unavailable use brachialis for ECRB transfer and rely on passive finger flexion
Co6 Significant 1. Axillary nerve to LH of triceps (if necessary)
2. Nerve to brachioradialis transfer to ECRB
3. Nerve to supinator transfer to PIN
4. Nerve to brachialis transfer to AIN (FDS and PT)
Cc7 Significant 1. Nerve to brachialis transfer to AIN (FDS and PT)
2. PIN branches to APL, EPB and EIP transfer to deep median or ulnar fascicles (as appropriate).
C8 Significant 1. AIN nerve to PQ transfer to deep branch ulnar nerve
2. PIN branches to EIP, EPB, APL transfer to deep branch of median nerve
ICHST Most distal muscle with SCI Intact upper Possible nerve transfers Reconstructed
group MRC power >4 level  limb movements  (with targeted tendon procedures) movements
N/A No upper limb muscles >C5 No upper limb CNXII transfers - low success rates Temporary
function CNXT transfer risks sacrificing only remaining respiratory
intact movement. Possibility of transferring CNXI independence from
lateral branch to long thoracic nerve or phrenic ventilator. Cough
nerve in cases of concomitant lower motor neurone Assist
phrenic nerve injury
09* Biceps brachii - no muscle Cs Shoulder 1. Axillary nerve fascicle (posterior or teres minor Active elbow wrist
function below the elbow movements branch) transfer to medial or long-head of triceps extension
Elbow flexion 2. Nerve to brachialis transfer to ECRB
1§9* Brachioradialis C5/6 All above 1. Axillary nerve fascicle (posterior or teres minor Active elbow and
Stronger elbow branch) transfer to medial or long-head of triceps wrist extension,
flexion (when 2. Nerve to brachioradialis transfer to nerves finger flexion,
forearm prone) branches to ECRB extension and
2 §9* Extensor carpi radialis Cc6 All above 3. Nerve to supinator transfer to PIN pronation.
longus (ECRL) Wrist extension 4. Nerve to brachialis transfer to AIN (inc nerve
to PT)
3 §9* Extensor carpi radialis Ce/7 All above 1. Axillary nerve to LH of triceps (if necessary) Active elbow
brevis (ECRB) Wrist extension 2. Nerve to brachialis transfer to AIN (FDS and PT) extension,
4 §9* Pronator teres (PT) All above 3. Nerve to supinator transfer to PIN pror}ation, finger
Wrist pronation ﬂexloq and
extension
5 §9* Flexor carpi radialis (FCR) C6/7 All above
Wrist flexion
6 §9* Extensor digitorum C7 All above 1. Nerve to brachialis transfer to AIN (FDS and PT)  Active finger
communis (EDC) - finger Finger extension 2. PIN branches to APL, EPB and EIP transfer to flexion and intrinsic
extensors recurrent branch of median or deep ulnar nerve function
7 §9* Extensor pollicis C7/8 All above fascicles (as appropriate)
longus (EPL) - Thumb extension
thumb extensors
8 * Flexor digitorum C8 All above 1. AIN nerve to PQ transfer to deep branch ulnar Active intrinsic
superficialis (FDS) - partial Finger PIPJ nerve fascicle function
finger flexors flexion 2. PIN branches to EIP, EPB, APL transfer to deep

branch of median nerve

$Brachioradialis to FPL tendon transfer as necessary, "House intrinsic tenodesis and/or CMCJ arthrodesis as necessary, *Opponens or adductorplasties as necessary

all colleagues with experience of nerve transfer in this
highly specialist and deserving patient group to publish their
experiences.
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