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Introduction

Objective Several nerve transfers have now been successfully performed for upper
limb reanimation in tetraplegia. This study was performed to review the use of nerve
transfers for upper limb reanimation in tetraplegia.

Methods Medline and Embase (1950 to February 11, 2015) were searched using a
search strategy designed to include any studies that reported cases of nerve transfer in
persons with cervical spinal cord injury (SCI).

Results A total of 103 manuscripts were selected initially and full-text analysis
produced 13 studies with extractable data. Of these manuscripts, 10 reported single
cases and 3 reported case series. Eighty-nine nerve transfers have been performed in 57
males and 2 females with a mean age of 34 years. The mean SCl level was C6 (range: C5-
7), time to surgery post-SCl was 19.9 months (range: 4.1-156 months), and follow-up
time was 18.2 months (range: 3-60 months). All case reports recorded a Medical
Research Council (MRC) score of 3 or 4 for recipient muscle power, but two early case
series reported more variable results.

Conclusion This review documents the current status of nerve transfer surgery for
upper limb reanimation in tetraplegia and summarizes the functional results in 59 cases
with 89 nerve transfers performed, including 15 cases of double-nerve transfer and 1
case of triple-nerve transfer.

their most productive years between the second and fourth
decades of life. More than 50% of all SCIs occur at the cervical

The estimated global incidence of spinal cord injury (SCI) is 40
to 80 new cases per million population per year, which means
that every year 250,000 to 500,000 people worldwide become
paralyzed. Most of these are young, healthy, and active in
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level and lead to tetraplegia.'

There are many challenges to be faced. The upper extrem-
ity remains, apart from the brain, the most important func-
tional resource of the patient with tetraplegia. Upper
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extremity usability is ranked to be the most desirable ability
to regain after cervical SCI. It is given a higher priority than
bowel, bladder, sexual function, or walking ability by patients
and their caregivers alike.” Surgical improvement in arm and
hand function therefore has a huge impact on independence,
mobility, and quality of life.

Until recently, tendon transfers have been the workhorse of
upper extremity reconstruction in tetraplegia.> Tendon trans-
fers move a functioning muscle to a new insertion site to re-
create the function of a paralyzed muscle. In contrast, nerve
transfers allow direct reanimation of a paralyzed muscle, thus
preserving its biomechanical functional advantage. Nerve
transfers have the potential to reconstruct more than one
function for a single-nerve transfer and to avoid the technical
challenges of tendon transfer surgery such as tendon tension-
ing, mechanical failure (stretch or rupture) of transfers over
time, adhesion formation, and the longer postoperative im-
mobilization or splinting required post-tendon transfer.

Nerve transfers are a well-established surgical technique
for reanimating paralyzed muscles in brachial plexus and
peripheral nerve injury. Patients reliably attain muscle
power against gravity and often against resistance.*® The
use of nerve transfers to restore upper limb function in
tetraplegic patients is not a new concept. Benassy in 1965
described the first case, a musculocutaneous nerve to median
nerve transfer, in 1962.7 Kiwerski in 19828 reported 20 cases
and later went on to report further results in 1991.° However,
despite these early reported cases, the use of nerve transfers
for the reconstruction of upper limb function in tetraplegia
has received little attention until relatively recently. This
review documents the current status of nerve transfer sur-
gery for upper limb reanimation in tetraplegia, and summa-
rizes the reported outcome of 90 transfers, including 15 case
reports of double-nerve transfer and one case of triple-nerve
transfer.

Methods

A review of the published literature was performed for the
primary outcome of nerve transfer in patients with tetraple-
gia for restoration of upper limb function. A Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses
(PRISMA) (<www.prisma-statement.org>) style was ad-
hered to where possible, but quality assessment was not
performed, as the target study type was case series and
case reports.

Eligibility Criteria

All English language manuscripts reporting original data on
patients with cervical SCI undergoing nerve transfer for
restoration of upper limb function were included. Nerve
transfers performed on patients without SCI were excluded.
Case series, case-control studies, cohort studies, and random-
ized controlled trials were included.

Search Criteria
Medline and Embase databases were searched from 1950 to
February 11, 2015. The Cochrane Collaboration database and
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the National Health Service (NHS) Evidence Health Informa-
tion Resources Web site were also searched. In addition, a
manual reference check of the retrieved articles to identify
additional studies not captured in the original search was
performed. No unpublished trials were included. We de-
signed a search strategy to include manuscripts relevant to
any case of nerve transfer in the upper limb to restore
function in a patient with cervical SCI. The following key-
words were used in the search strategy: Tetraplegia, Quadri-
plegia, Nerve Transfer, and Spinal Cord Injury.

Once the searches had been completed, studies were
selected in an unblinded standardized manner. The abstracts
were reviewed and articles unrelated to our topic and dupli-
cate articles were excluded (=Fig. 1). The abstracts were then
reviewed to ascertain whether they met the described inclu-
sion criteria.

Data Extraction and Statistical Analysis

Following formal article review, data representing patient
demographics, country of origin, mean time to surgery, mean
follow-up time, and nerve transfer used were extracted.
Functional outcomes were also extracted where reported.
Kiwerski reported outcomes for musculocutaneous to medi-
an nerve transfers in two reports.®° The 20 patients from the
first study were included again in the second. Quantitative
assessments were performed primarily with descriptive data.
Case-by-case analysis was performed for summary data.

Results

Search Results

Thirteen journal articles reported 89 nerve transfers in the
upper limb in 59 patients with tetraplegia, including 15 cases
of dual-nerve transfer'®'? and 1 case of triple-nerve trans-
fer.3 All cases were single-case reports except the early series
reported by Kiwerski and Krasuski®® and the most recently
published series by Bertelli. The studies are summarized
in =Table 1. There were 57 males and 2 females with a
mean age of 34 years (range: 17-71 years). The mean spinal
cord injury (SCI) level was C6 (range: C5-7). The mean time
delay between SCI and surgery was 19.9 months (range: 1-
156 months). The mean follow-up time was 18.2 months
(range: 3-60 months). All case reports of nerve transfer in a
patient with tetraplegia reported a Medical Research Council
(MRC) score of 3 or 4 for recipient muscle power, but the two
earlier case series studies showed a range of results
(=Table 1). A summary of nerve transfers used is presented
in =Table 2.

Summary of Cases

Benassy and Robert first used the musculocutaneous nerve to
restore median nerve function in tetraplegia in 1962. The
transfer proved “very useful” for the patient and allowed him
to type with the left hand, eat unaided (except for cutting
meat), light a match, and drive his wheelchair. He achieved
M3 power to pronator teres, flexor carpi radialis (FCR), and
flexor digitorum profundus (FDP) to the index and middle
fingers and M2 power to flexor pollicis longus (FPL).” An early
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Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow chart of search results.

case series, published by Kiwerski in 1982,% reported on 20
patients with a C6-7 SCIwho underwent a musculocutaneous
to median nerve transfer 1 to 10 months after SCI. All but one
patient were males with a mean age of 25.2 years. Results
were reported as follows: “good” in nine patients, “satisfac-
tory” in six, and “poor” in five patients. The result was “good”
if functional grasp was restored, “satisfactory” if grasp was
weak but still useful, and “bad” if no result was attained.
Krasuski and Kiwerski went on to report a total of 42 patients
with C6-7 complete SCI who underwent a musculocutaneous
to median nerve transfer an average of 3 to 4 months post
injury.® Results were similarly reported on a three-point
grading of simple hand function. “Good,” “fair,” and “bad”
results were seen in 16, 16, and 10 patients, respectively.
There was an association, which was not statistically tested,
between younger age at surgery and better results. There was
also a relationship between shorter time lapse from injury to
surgery and better outcomes, with 10 of the 16 patients with
“good” results undergoing surgery within 3 months of injury.

Bertelli et al have significantly contributed to the pub-
lished work on nerve transfers in tetraplegia over the last
3years.'"14"17 The first published case report from this group
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presented a supinator nerve to posterior interosseous nerve
(PIN) transfer, performed bilaterally, 7 months after an SCI.'”
The authors reported that 6 months after surgery, with the
wrist in neutral, extension of the thumb and finger was
“almost full,” bilaterally. The strength of the metacarpopha-
langeal extension scored M4, and hand aperture was almost
complete. This group went on to publish a laboratory ana-
tomical study, which used eight formalin fixed and two fresh
cadavers to examine the surgical feasibility of transfer of
axillary nerve branches to reconstruct elbow extension.'®
Their conclusion stated that teres minor and posterior deltoid
nerve branches could be transferred to nerves to the long and/
or upper medial heads of triceps and/or to the thoracodorsal
nerve. They subsequently published a case of a 21-year-old
man, 9 months post-SCI who had triceps successfully reani-
mated to an M4 power grade bilaterally using a teres minor
nerve to long head of triceps nerve transfer.'”

Bertelli et al have extended their series with three further
case reports. A 53-year-old man, 5 months after incomplete
tetraplegia (central cord syndrome), had a brachialis nerve to
triceps nerve transfer. This patient was reported to have M4
and 5 kg triceps strength 12 months postoperatively.'* A 24-
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year-old man with SCI, 7 months post injury had an extensor
carpi radialis brevis (ECRB) nerve to FPL nerve transfer in
conjunction with a brachialis muscle to FDP tendon transfer
via a tibialis anterior graft.'® An anatomical study, using five
formalin-fixed and two fresh cadavers, supported the surgical
feasibility of this case. At 14 months post surgery the patient
was reported to have restored pinch and grasp, which mea-
sured 2 kg and 8 kg, respectively. Last, a 39-year-old tetra-
plegic patient had bilateral surgery, again using a
combination of nerve and tendon transfers, 18 months after
SCI. A selected portion of the axillary nerve (motor branch to
middle deltoid on the right and the entire posterior motor
division on the left) to long and medial heads of triceps nerves
and a supinator to PIN transfer were performed in conjunc-
tion with a brachioradialis tendon transfer to the FPL and
flexor digitorum superficialis (FDS) of the index finger."’
Twenty-two months postoperatively, triceps strength scored
M3 bilaterally and metacarpophalangeal joint extension
scored M4 bilaterally. The tendon transfer yielded a 1.5-kg
pinch on the left and 2-kg pinch on the right.

Most recently, Bertelli and Ghizoni’s group published their
first case series that included seven patients: six males and
one female with 27 nerve transfers.'® The average age was 26
(range: 20-39) and surgical reconstruction was undertaken
on average 7 months post-SCI. All patients had a complete C6
SCI level. All seven patients had supinator to PIN transferred
to restore thumb and finger extension. Elbow extension
reconstruction was achieved with nine posterior division of
axillary to triceps transfers and two posterior division of
axillary with a branch of middle deltoid to triceps transfers.
The further two transfers performed bilaterally in the same
patient were achieved by using the anterior branch of axillary
to triceps. Follow-up, at mean 19 months postoperation,
found M4 elbow extension in 11 upper limbs. In two upper
limbs in the same patient, elbow extension scored M3. Full
thumb extension scoring M4 was observed in eight upper
limbs, M3 in four upper limbs, and M2 in one upper limb. Full
metacarpal extension was M4 in 12 upper limbs and M3 in the
remaining 1 upper limb. Active extension at the proximal
interphalangeal joint was observed in only six hands.

Aside from the work by Bertelli et al, this review found four
other case reports in the English literature. A 71-year-old
man, 22 months post-C7 complete SCI, underwent a bilateral
brachialis to anterior interosseous nerve (AIN) transfer. Fif-
teen months after surgery, the patient had M3 strength for
FPLand FDP."? A 28-year-old man with C5 tetraplegia (ASIA B)
underwent a posterior division of axillary nerve (one of two
fascicles contributing to the posterior deltoid) to radial and a
musculocutaneous to median nerve transfer 13 years post-
SCL.'? Follow-up for this patient was only reported at the 3-
month mark with the intention to report long-term follow-up
at a later date (yet to be published). Elbow flexion and
shoulder flexion and abduction were noted to be M5 post-
transfer.'? A 36-year-old man with incomplete C5 tetraplegia
underwent a brachialis nerve to extensor carpiradialis longus
(ECRL) nerve transfer 12 months post-SCL2° The patient
achieved M3 wrist extension by 5 months, allowing a tenod-
esis pinch, grasp, and release.



Table 2 Summary of total nerve transfers performed in SCI
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Donor nerve/branch Recipient nerve/branch Number of transfers
Posterior/middle deltoid branch Triceps 3
Posterior division of axillary Radial 1
Posterior division of axillary Triceps 10
Anterior division of axillary Triceps 2
Supinator PIN 19
Distal ECRB FPL portion of AIN 1
Brachialis AIN 4
Brachialis ECRL 1
Musculocutaneous Median 44
Teres minor Triceps 3
Brachialis Triceps 1
TOTAL 89

Abbreviations: AIN, anterior interosseous nerve; ECRB, extensor carpi radialis brevis; ECRL, extensor carpi radialis longus; FPL, flexor pollicis longus;

PIN, posterior interosseous nerve; SCl, spinal cord injury.

Van Zyl et al published a case of triple-nerve transfer to
restore elbow extension, finger and thumb flexion, and finger
and thumb extension simultaneously. Three nerve transfers
were performed on the left upper limb 6 months after injury,
a teres minor nerve to long head of triceps nerve, a brachialis
nerve to AIN, and supinator nerve to the PIN. Two months
later, only the latter two transfers were performed contral-
aterally, as the triceps function was adequate on that side.”
Nineteen months post surgery the patient achieved M4 elbow
extension on the left, M4 thumb and finger flexion bilaterally,
and M3 thumb and M4 finger extension bilaterally. Lateral
pinch was 0.9 kg on the right and 0.72 kg on the left. Grasp
strength measured 7 kg on the right and 3 kg on the left.

Discussion

Several nerve transfers have now been successfully used for
upper extremity reanimation in tetraplegia. The musculocu-
taneous to either the whole median nerve or only the AIN and
supinator to PIN nerve transfers have been most commonly
used. It has to be emphasized that in the great majority of
cases listed in this review, the authors transferred the bra-
chialis branch onto the whole median nerve with likely loss of
motor axons down sensory pathways.

=Table 3 summarizes the published nerve transfers in
tetraplegia to date. As the focus shifts to nerve transfers as a
potential surgical solution in tetraplegia, other transfer op-
tions will become apparent. Anatomical studies, to determine
all potential appropriate donor nerves for specific functional
deficits in tetraplegia, are a prerequisite for their clinical
application.

Timing

The appropriate timing for surgery after SCI may be an
important factor in optimizing functional outcomes in nerve
transfer surgery. In tendon transfer surgery for complete SCI,

it is generally recommended that surgery be delayed to at
least 1 year post injury to allow time for spontaneous recov-
ery.?! However, outcomes for tendon transfer surgery are not
as time dependent as they are for nerve transfer surgery and
remain feasible even decades after the original SCI.

Traditional teaching tells us that in SCI, it is possible to
separate muscles of the upper limb into three types. The first
group comprises functional muscles under voluntary control,
which are innervated by the supralesional segment of the
spinal cord. The second includes muscles innervated by
neurons at the level of the lesion. Damage to these anterior
horn cells results in a lower motor neuron (LMN) denervation
of these muscles. The third are paralyzed muscles, which are
innervated by the infralesional segment. Preservation of the
anterior horn cells results in an upper motor neuron (UMN)
paralysis of these muscles.?? The nerves to the first group of
muscles represent potential donor nerves. The nerves to the
latter two groups are potential recipients for nerve transfer
surgery. Early time to surgery is especially relevant to out-
comes in the denervated muscle group, as neuromuscular
end plate degeneration will eventually exclude the possibility
of reanimation with new axons. However, if the muscle is
paralyzed through an UMN lesion, neuromuscular degenera-
tion will likely be slowed and this may extend the time post
injury for successful reanimation with nerve transfers. Fur-
ther work needs to be done to examine the histopathology of
neuromuscular degeneration in UMN-injured nerves and
muscle.

With the exception of one case, done at 156 months but
with no result reported, all the cases in this review were
done before 24 months. There are no studies providing
guidance on appropriate patient selection when the SCI is
more than 24 months old and when the muscle to be
reanimated is paralyzed but not denervated. One author
(van Zyl) has experience with preoperative electromyogra-
phy in 18 cervical SCI patients (34 limbs). Ninety-five
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Table 3 Published nerve transfers in SCl in relation to function

Elbow extension Thumb/finger extension Pinch and grasp Wrist extension

Donor Recipient Donor Recipient Donor Recipient Donor Recipient
Teres minor Triceps Supinator PIN Distal ECRB FPL Brachialis ECRL
Posterior deltoid Triceps Brachialis AIN

Brachialis Triceps

Abbreviations: AIN, anterior interosseous nerve; ECRB, extensor carpi radialis brevis; ECRL, extensor carpi radialis longus; FPL, flexor pollicis longus;

PIN, posterior interosseous nerve; SCl, spinal cord injury.

potential recipient muscles for nerve transfer were exam-
ined, and fibrillation potentials, reflecting denervation,
were present in 65.3% (unpublished data). This finding
indicates that there is often is a component of LMN injury
to the nerve transfer target muscle and supports the argu-
ment that timing for nerve transfer surgery in SCI should be
similar to that for plexus and peripheral nerve injury.‘S'20
Nerve transfers done late in the SCI population may yield
results, but these are likely to be suboptimal. Early inter-
vention with nerve transfers needs to be balanced against
the chance of spontaneous recovery that can occur up to
12 months post injury in complete SCI and even later in
incomplete injuries.21 Recovery of useful power in a para-
lyzed muscle more than 6 months post-complete SCI is
unlikely."” It remains to be elucidated in which cases a
neural reconstruction remains reasonable even years later.

Outcomes

The primary goal of reconstructive upper limb surgery in SCI
is to improve a patient’s ability to function independently and
perform activities of daily living (ADLs). Improvements in
ADLs post-tendon transfer have been reported,?>2* with
Canadian Occupational Performance Measurement (COPM)
scores showing substantial improvement in both satisfaction
and performance.”

The primary outcome reported in the nerve transfer
cases in this review was strength grading according to
the MRC scale.?® There was no consistent documentation
or measurement tool used to report overall functional
improvement in ADLs. As nerve transfer reconstructions
become more commonplace in tetraplegia, functional out-
come assessments such as the COPM,?” the Modified Action
Research Arm Test,?® the Spinal Cord Independence Mea-
sure?® must be applied to allow comparison with equiva-
lent tendon transfer reconstructions and to measure the
utility of nerve transfers. It is also imperative that we
examine the cost-effectiveness of upper extremity reani-
mation through the use of nerve transfers to demonstrate
the economic benefit of upper extremity reconstruction to
the community and health administrators.

Follow-up Duration
The average follow-up time found in our review was

18 months post surgery, in contrast to a mean follow-up of
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25 months in a systematic review of nerve transfers in adult
upper brachial plexus injury.4 One case reported that a
patient with tetraplegia who underwent brachialis to AIN
transfer continued to gain both strength and functional
control well after 15 months after surgery.30 The time to
full maturation of nerve transfers in SCI is still unclear
especially with the issue of whether recipient muscles are
paralyzed as a result of a UMN or LMN or a combination of the
two, clouding the picture.

Combining Tendon Transfers and Nerve Transfers
There are risks and benefits to both tendon and nerve
transfers; surgeons and therapists need to carefully consider
and individualize reconstruction options. The supinator to
PIN nerve transfer arguably achieves superior hand opening
compared with pronator to extensor digitorum communis
tendon transfer but may still require an intrinsic reconstruc-
tion to flex the metacarpal and extend the interphalangeal
joints, such as in the Alphabet procedure.25 The PIN nerve
transfer reanimates not only the finger extensors but also the
thumb extensors, extensor carpi ulnaris (ECU), and abductor
pollicis longus (APL). It can potentially allow thumb exten-
sion independent of finger extension, and it allows good first
web opening by reinnervating APL. Reanimation of the ECU
centralizes the wrist for grasp. It remains to be evaluated
whether the power attained by nerve transfers for pinch and
grasp equals that attained in tendon transfer reconstruc-
tions, for example brachioradialis to FPL for pinch and the
ECRL to the FDP for grasp, but the dexterity of the nerve
transfer reconstruction may well provide some recompense
for that.

Future practice will likely involve tendon and nerve
transfer techniques performed in combination. The case
reported by Bertelli and Ghizoni, restoring elbow extension,
finger extension (metacarpal-phalangeal joint), thumb ex-
tension, and pinch, is a fine example of the potential resto-
ration in upper limb function that can be achieved by
combining tendon and nerve transfers in one operative
stage.!!

Target Population

The future potential of this procedure will depend on its
acceptance in the target population. Statistics show a
predominance of SCI in young healthy males, who often



in the early years postinjury, hold out hope for a “cure.” A
survey on tendon transfers showed that less than 50% of
patients had been informed by their doctor about recon-
structive upper limb surgery and only 9% of all participants
in the study had gone ahead with the surgery.! It has been
reported that many patients delay pursuing surgical op-
tions that they perceive might potentially interfere with
hand function should a cure for SCI be found.? It is therefore
important that the treating surgeon accurately explains the
procedure to optimize uptake rate where outcome is likely
to improve overall functional independence.

Conclusion

It is evident that to be able to draw accurate conclusions on the
role of incorporating nerve transfers in the standard of care for
tetraplegic patients, studies with larger numbers and longer-
term follow-up need to be performed. Direct comparisons
between outcomes in tendon and nerve transfer surgery need
to be made. One such study is the current clinical trial
(NCT01714349), entitled “Restoring Hand Function Using
Nerve Transfers in Persons with Spinal Cord Injury.” This is a
4-year interventional study that is currently in its first year
recruiting participants for a single-nerve transfer, brachialis
branch to the AIN. In addition, a pilot study (NCT01579604) is
underway, which aims to look at the effectiveness of supinator
to PIN transfer in five patients, operating at 6 to 9 months and
reporting outcome at 24 months. Finally, The Victorian Spinal
Cord Service at Austin Health in Melbourne, Australia, is
conducting prospective case series (ACTRN12615000179538)
to examine the outcomes and cost-benefit of nerve transfer
surgery in tetraplegia.

Nerve transfers show promise as a reconstructive option in
tetraplegia and provide novel options in cases not amenable
to conventional tendon transfers such as restoring wrist
extension-driven grip function in International Classification
for Surgery of the Hand in Tetraplegia (ICSHT)*? group 0
patients by transfer of the brachialis to ECRL nerve or by
restoring active hand opening in ICSHT group 4 tetraplegia
using the supinator to PIN nerve transfer. A particularly
exciting concept is combining nerve and muscle transfers
into new algorithms, depending on a careful evaluation of
individual factors, such as age, extent and nature of paralysis,
functional needs, and time delay since SCI. Combining the
advantages of both techniques will enable us to maximize
arm and hand function in these severely handicapped pa-
tients as fast as possible.

It will be exciting to see the results of the registered clinical
trials and to observe how upper limb nerve transfer surgery
for tetraplegia evolves in the coming years.

Note

Portions of this work were presented in abstract/oral
presentation form in proceedings at the Australian Hand
Surgery Society Annual Scientific Meeting, Gold Coast,
Queensland, 2014.
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