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Abstract

Spinal cord injury (SCI) is very common, most frequently resulting from motor vehicle accidents and falling from a height.
Often, SCI occurs at the cervical level, resulting in tetraplegia, which consists of loss of effective arm and/or hand function.
For these patients, hand function is considered the most desired function, above bowel, bladder and sexual function. Fortu-
nately, understanding about nerve and tendon transfers is steadily growing, providing new surgical solutions for functional
restoration in tetraplegia patients. The primary aim of this systematic review of the literature is to assess all the various
ways to improve upper-limb function, using both nerve transfers and classical tendon transfers in patients suffering from
tetraplegia. Surgical indications, optimum timing and contraindications were reviewed. In accordance with the International
Classification for Surgery of the Hand in Tetraplegia, ten subgroups of tetraplegic patients were analysed and a proposal
for treatment combining nerve and tendon transfers formulated for each subgroup, seeking alternatives to classical surgical
strategies. We also sought to propose strategies that, in instances of failure, still would allow for the use of some classical
surgical approach. Starting with traditional management, we proposed new strategies using tenodesis and tendon transfers
in association with nerve surgery. We believe that the suggestions described in the current paper could both improve and
complete current surgical strategies and contribute to ensuring that more patients benefit from these options in future.
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Introduction

The global incidence of spinal cord injury (SCI) has been
estimated at between 10 and 80 new cases per million people
annually [1]. The most common causes are motor vehicle
accidents and falling from a height; with a higher incidence
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among males between 16 and 30 years old [2]. More than
50% of all spinal cord injuries occur at the cervical level,
resulting in tetraplegia and the resultant loss of effective arm
and/or hand function.

For the majority of people with tetraplegia, restored hand
function is the most essential desire, above the restoration
of bowel, bladder and sexual function, the ability to stand,
and pain control [3, 4]. Even partial recovery of arm and
hand function can have an enormous impact on a person’s
independence and quality of life, since patients with cervical
spinal cord injuries often are completely dependent upon
other people for mobility and the activities of daily living [3,
5, 6]. Tendon transfers restore active control and strength of
an anatomical segment, while sacrificing another functional
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muscle. The main problem with cervical SCI is that there
often is a paucity of adequate donor muscles available for
transfer [2].

Nerve transfers involve coapting a healthy, expendable
donor nerve or fascicle to a denervated recipient nerve to
restore function to the recipient end organ (i.e. to the skin to
restore sensation or to a muscle to restore motor function)
[7]. However, nerve transfers also often sacrifice potentially
useful neural structures. The aim of the current literature
review is to resume the present surgical indication and sug-
gest a way to improve upper-limb function, in patients with
tetraplegia, using both nerve transfers and conventional ten-
don transfers.

A research was constructed using the MEDLINE data-
base via PubMed and Scopus. Articles published in English,
Italian and French, up to the 30th of June 2018, were found
using the following keywords alone or in combination: tetra-
plegia, tendon transfer, tenodesis, nerve transfer, upper limb
and spinal cord injury. Articles were eligible if they provide
specific information related to the correlation between nerve
and tendon transfers in tetraplegia. Articles retrieved were
used to assess classification, indications, timing of surgery
and choices of treatment based on the International Clas-
sification for Surgery of the Hand in Tetraplegia (ICSHT).

Classifications

ICSHT organizes the most common patterns of upper-limb
lesion in tetraplegics by the number of muscles that remain
functional below the elbow. A muscle is defined as func-
tional if its strength is graded 4 or more, using the muscle
grading system approved by the British Medical Research
Council (BMRC) [8] (Table 1). The ICSHT guides surgeons
in their choice of reconstructive strategies (primarily empha-
sizing tendon transfer and tenodesis procedures) (Table 2).
The surgical strategy generally utilizes tendon transfers,
tenodesis and arthrodesis, with many authors proposing a
combination of these techniques, with predictable results
[2]. However, attention must be paid to the risks associated
with sacrificing a donor muscle, so that another problematic
functional deficit arises following the tendon transfer.

Donor muscles are prioritized to achieve wrist extension
recovery first, then pinch strength, grasp strength, finger
and thumb extension and, finally, intrinsic muscle function
[7, 9]. When no further muscle transfer options exist, the
remaining desirable functions generally are restored using
tenodesis and arthrodesis [2].

Nerve transfer techniques are commonly used to
restore motor function in the setting of brachial plexus
nerve root avulsion injuries, for which anatomical repair
of the native motor nerve is impossible. They are also
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Table 1 International Classification for Surgery of the Hand in Tetra-
plegia ICSHT)

Motor group Characteristics Function
0 No muscle below
elbow suitable for
transfer
1 BR Flexion and supination of the
elbow
2 ECRL Extension of the wrist
3 ECRB Extension of the wrist
4 PT Pronation of the wrist
5 FCR Flexion of the wrist
6 Finger extensors Extrinsic extension of the
fingers
7 Thumb extensor Extrinsic extension of the
thumb
Partial digital flexors  Extrinsic flexion of the fingers
9 Lacks only intrinsics
10 Exceptions

BR brachioradialis, ECRL extensor carpi radialis longus, ECRB
extensor carpi radialis brevis, PT pronator teres, FCR flexor carpi
radialis

Table2 Muscle grading system of the British Medical Research
Council, muscle function ranged from 0 (no contraction) to 5 (normal
power)

Groups Description

0 No contraction

1 Flicker or trace of contraction

2 Active movement with gravity eliminated

3 Active movement against gravity

4 Active movement against gravity and resistance
5 Normal power

useful with other peripheral nerve injuries, where rapid
restoration of function can be accomplished by rerout-
ing expendable donor nerves. Over the last few years,
some authors have introduced the use of nerve transfers
for tetraplegia, reporting unexpected results.

Following these concepts, we propose a new strategy,
based upon classical tendon surgery, but adding nerve
transfer techniques (Table 3). This combination addresses
frequent concerns about nerve transfers that using sources
with “predictable” results (i.e. the muscle—tendon unit
innervated by the nerve that will be used as a donor) to
achieve “unpredictable” results. In fact, using selected
donor nerve transfers which avoid sacrificing useful mus-
cles allows for second-stage surgeries to follow classical
tendon transfer and tenodesis techniques.
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Table 3 Combining nerve and tendon strategy in tetraplegia

ICS group Primary procedures Positive Secondary procedures
outcome?
0 Teres minor to triceps nerve transfer —  NO —  Posterior deltoid to triceps tendon transfer
Brachialis to ECRL nerve transfer — YES —  Flexor pollicis longus tenodesis + Moberg
key-pinch procedure
1 (BR>M 4) Teres minor to triceps nerve transfer — NO —  Posterior deltoid to triceps tendon transfer
Brachialis to AIN/FDS nerve transfer — YES —  Extensor digitorum communis tenode-
sis + Extensor pollicis longus tenodesis
NO —  Flexor pollicis longus tenodesis + Moberg
key-pinch procedure
BR to ECRB tendon transfer
2 (ERCL>M 4) Teres minor to triceps nerve transfer — NO —  Posterior deltoid to triceps tendon transfer
Supinator to PIN nerve transfer — NO —  Extensor digitorum communis tenode-
sis + Extensor pollicis longus tenodesis
Brachialis to AIN/FDS nerve transfer — YES —  BR to opposition
NO —  BRto FPL tendon transfer
3 (ERCB>M 4) Teres minor to triceps nerve transfer —  NO —  Posterior deltoid to triceps tendon transfer
Supinator to PIN nerve transfer — NO —  Extensor digitorum communis tenode-
sis + Extensor pollicis longus tenodesis
Brachialis to AIN/FDS nerve transfer — YES —  BR to opposition
NO —  BR to FPL tendon transfer + Tenodesis FDP
2° to FDP 3°-4°-5°
ECRL to FDP (3°-4°-5° finger) tendon transfer
4 (PT>M4) Supinator to PIN nerve transfer —  NO —  Extensor digitorum communis tenode-
sis + Extensor pollicis longus tenodesis
Brachialis to AIN/FDS nerve transfer — YES —  BR to opposition
NO —  BR to FPL tendon transfer + Tenodesis FDP
2° to FDP 3°-4°-5°
5 (FRC>M 4) ECRL to FDP (3°-4°-5° finger) tendon transfer
6 (EDC>M 4) EPL tenodesis
Brachialis to AIN/FDS nerve transfer — YES —  BR to opposition
NO —  BR to FPL tendon transfer + Tenodesis FDP
2° to FDP 3°-4°-5°
ECRL to FDP (3°-4°-5° finger) tendon transfer
7 (EPL>M 4) Brachialis to AIN/FDS nerve transfer — YES —  EDM to APB or EIP to APB
NO —  BR to FPL tendon transfer 4+ Tenodesis FDP
2° to FDP 3°-4°-5°+ EDM to APB or
EIP to APB
ECRL to FDP (3°-4°-5° finger) tendon transfer
8 (partial finger flexion) ECRB to AIN nerve transfer — YES —  EPI/EDM to opposition
NO —  BRto FPL tendon transfer + Tenodesis

9 (Intrinsic deficit)

Intrinsic reconstruction (Zancolli lasso/House
intrinsic procedure)

Opponensplasty

FDP 2° to FDP 3°-4°-5° + EPI/EDM to
opposition

A new proposal of surgical treatment based on ICSHT group. In case of failure of the proposed treatment, a salvage procedure (conventional
treatment) is always possible
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Indications

The indications for this new surgical strategy include any
cervical spine injury that leads to partial paralysis of one
or both upper limbs, but patients also must have stabiliz-
ing motor function in the affected upper extremity. They
must be medically stable, free of infections and, ideally,
free of contractures, pain and spasticity. In addition, they
must exhibit full passive range of motion and be moti-
vated to follow whatever post-operative rehabilitation regi-
men that they are prescribed [2]. Before surgery, patients
must understand the difference between the classic and
new treatment strategies, in terms of recovery time, since
noticeable results often take considerably longer to appear
following nerve transfers than muscle or tendon proce-
dures, and a second-stage procedure is often necessary to
achieve the desired level of functional restoration. Having
a patient with realistic expectations plus strong motiva-
tion to improve their hand function is essential to obtain-
ing good results [10]. Contraindications to surgery are the
presence of spasticity or contractures, and chronic pain
problems, but also, psychological instability, unrealistic
expectations or insufficient motivation, all of which gener-
ally lead to poor outcomes [11].

Timing of surgery

The timing of nerve transfers for tetraplegia is still
debated. Fox [12] described two basic time schedules
for intervention: time independent and time dependent.
If there is a clear-cut SCI with a narrow zone of anterior
horn cell damage, a peripheral nerve transfer can recon-
nect functional motor units to the brain to restore muscle
movement. This transfer switches motor control from a
redundant and expendable donor to a muscle group distal
to the lesion site, bypassing the level of injury. Ideally, this
can be done at any time after the SCI, because neuromus-
cular degeneration is very slow.

If, on the other hand, the zone of injury is more exten-
sive, roots can be involved with a peripheral nerve lesion
and a time-dependent rescue strategy must be adopted
(Fig. 1). Nerve donors should be used to restore voluntary
control or reinnervate muscles that would otherwise atro-
phy [13]. Despite these considerations, denervated muscles
should benefit from early surgery, before the onset of mus-
cular atrophy, while paralysed muscles leave more time
for surgery, due to a diminished neuromuscular degenera-
tion rate, leading to time-dependent results in tetraplegics
[14]. Traditionally, it is recommended that tendon transfers
are performed 1 year after the injury since, by then, all
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Fig. 1 Time-dependent and time-independent nerve transfer based on
spinal cord injury level. Over the lesion, the muscle is functional. At
the level of injury, the muscle is not directly innervated by spinal cord
and function restoration is time dependent. Under the level of injury,
the muscle is still innervated by spinal cord. The function restoration
is time independent

possible spontaneous neurological recovery has already
occurred. However, most neurological recovery gener-
ally occurs within the first 6 months following an injury
[11]. Moreover, it is generally accepted that, after 1 year
of denervation, terminal muscle atrophy may prevent the
restoration of function [15, 16].

Addressing these concepts, Lamb and Chan observed
that, if a muscle is completely paralysed during the initial
assessment and is unchanged 1 month later, it is unlikely that
there will be any significant recovery, even waiting 1 year
[17]. On the other hand, Bertelli et al. [18] reported distal
nerve transfers performed 18 months after spinal cord inju-
ries that generated functional muscle reinnervation. Based
upon these observations, it may be that the ideal time for
surgery is between 6 and 12 months after the trauma, before
the onset of irreversible muscle atrophy. Earlier procedures
should be considered only if electromyography (EMG) dem-
onstrates muscle denervation, resulting from neuronal death
at the site of the SCI [19]. To allow better understanding of
our reconstructive strategies, we describe, for each ICSHT
classification group, both primary and secondary procedures
(Table 3).

Group 0

Since these lesions are at C5 or an even higher level, no mus-
cles with grade 4 strength or better exist below the elbow.
In one larger series, ICSHT groups 0 and 1 were lumped
together, in which case they represented almost 30% of
lesions [13].

We have proposed employing a teres minor to triceps
nerve transfer, and a brachialis to extensor carpi radialis
longus nerve transfer. In this patient group, elbow extension
should be restored, which can be done with tendon trans-
fers (Moberg’s procedure, involving a posterior deltoid to
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triceps transfer, or Zancolli’s procedure, involving a biceps-
to-triceps transfer) [20-22] or with nerve transfers. Per-
forming a teres minor motor branch to the triceps long head
motor branch transfer [19] allows for marked recovery of
elbow extension without any donor-site deficits, because the
infraspinatus muscle compensates for any external rotation
deficit that follows from sacrificing teres minor innervation.
Furthermore, the teres minor is not usually transferred in
tetraplegia, and its sacrifice does not prevent Moberg’s pro-
cedure from being undertaken later to improve upon partial
recovery or as a second-stage surgery in cases of failure.

Bertelli and Ghisoni [18] also described utilizing the pos-
terior division of the axillary nerve to the triceps long and
medial head nerve. We prefer using the teres minor motor
branch; this is because, if the procedure fails, a second-stage
surgery, transferring the posterior deltoid tendon to the tri-
ceps, can still be performed (Moberg’s procedure).

In this patient group, the shoulder must be thoroughly
evaluated, in case there is partial deficit of deltoid and teres
major muscle function, so that no surgical strategy fur-
ther weakening the deltoid is employed to restore elbow
extension.

Conventional surgical wisdom considers any ten-
don transfers to restore wrist or hand function useless in
these group O patients. Restoring wrist extension is really
important, because tenodesis may enable thumb-to-index
key pinch, driven by wrist motion, increasing the patient’s
autonomy and restoring some critical abilities, like eating,
personal care and wheelchair propulsion. Fridén and Gohritz
introduced the brachialis to extensor carpi radialis longus
(ECRL) selective nerve transfer to restore wrist extension in
group O tetraplegics [23]. The brachialis muscle is primar-
ily innervated by a single branch of the musculocutaneous
nerve, derived from spinal roots C5 and 6. This branch can
be used as a donor if the biceps is functional. Of course,
this would circumvent employing a secondary Zancolli’s
procedure—a biceps-to-triceps transfer—to restore elbow
extension. If the brachialis to ECRL transfer succeeds, group
0 patients have effectively been transformed into group 1
patients, and secondary procedures like flexor pollicis longus
tenodesis and Moberg’s passive key-pinch reconstruction
become possible [2].

Group 1

In group 1 patients, the offending lesion is at the C5 level.
In this group, only the brachioradialis muscle has grade 4
strength or better; all the other muscles below the elbow
have less than grade 4 strength. In these patients, elbow
flexion is preserved because the biceps and brachialis are
innervated above this level.

We propose performing a teres minor to triceps nerve
transfer; brachialis to anterior interosseous nerve (AIN)
and flexor digitorum superficialis (FDS) nerve transfers;
and a brachioradialis (BR) to extensor carpi radialis brevis
(ECRB) tendon transfer. The classic strategy proposes two
procedures that can be performed simultaneously: a brachio-
radialis to extensor carpi radialis brevis tendon transfer (BR
to ECRB) to restore active wrist extension, and passive key-
pinch reconstruction based on flexor pollicis longus (FLP)
tenodesis, with or without additional “tricks” proposed by
Hentz [24], Johanson [25] and House [26]. As in the previ-
ous group, elbow extension can be restored with Moberg’s
or Zancolli’s procedure. Transferring the brachioradialis
tendon to radial wrist extensors is a reliable technique that
may provide sufficient strength to extend the wrist against
resistance [18, 19].

Mackinnon et al. [27] described transferring the bra-
chialis to the anterior interosseous nerve in patients with
SCI. This technique offers the option of improving intrinsic
hand function, a crucial component of pinching; it may also
enhance the patient’s hand function and ability to feed him-
or herself [28]. Fox et al. [13, 29, 30] described their results
using brachialis to AIN and FSD nerve transfers. Any degree
of flexor pollicis longus function, even subtle, will improve
the tenodesis-effect grasp and some strength and holding
power [30]. If the brachialis to AIN/FDS generates a good
result and pinch function is restored, function can be fur-
ther enhanced via a second-stage procedure that consists of
ECD and EPL tenodesis. With this, hand opening and grasp
function are improved. If the procedure fails, a second-stage
surgery involving FLP tenodesis can still be performed.

Group 2

As with group 3, the lesion in group 2 patients is at the C6
level. However, it is difficult to discriminate between the
ECRL (group 2) and ECRB (group 3) based on differential
strength. In group 2 patients, the BR and ECRL should have
at least grade 4 strength. Different methods are described to
help in this discrimination, but none seems to be really effec-
tive. Mohammed and colleagues described Bean’s sign [31];
Moberg suggested surgical exploration [22, 24]; Allieu [32]
used the pronator teres to indicate function in the two exten-
sors; and so on. This is important, because Hentz et al. [24]
suggested ECRL transfers only if the ECRB is of grade 5,
and not grade 4, strength.

To give a more precise description of the new strat-
egy, we try to consider these two groups (2 and 3) sepa-
rately. As such, the main aim of nerve transfers in this
group is to restore a more effective pinch and permit
active, functional finger extension and flexion. The strat-
egy we consider most promising involves a teres minor to
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triceps nerve transfer; supinator to posterior interosseus
nerve (PIN) transfer; and brachialis to anterior interosse-
ous nerve (AIN) and flexor digitorum superficialis (FDS)
nerve transfers. The current approach emphasizes restoring
key-grip thumb function. This objective is achieved using
House’s one-stage active key-pinch reconstruction, which
adds a BR to FLP tendon transfer to Henz’s procedures
(FLP split, fixation of the IP with a K wire, or arthrodesis
of the IP joint of the thumb), and CMC fusion and EPL
tenodesis to balance the tendency towards flexion [33].

As with the previous two groups, elbow extension must
be restored. We propose a strategy that incorporates a teres
minor to triceps nerve transfer; supinator to a PIN nerve
transfer; and brachialis to AIN and FDS nerve transfer.
Supinator motor branches start from the PIN, which is the
distal motor division of the radial nerve in the forearm.

In patients with a C6 lesion, not all the muscles inner-
vated by the radial nerve are lost. The supinator is one
of these, because it is also innervated by neurons located
above the lesion and could be used to improve finger and
thumb extension. Bertelli et al. [34] have claimed that,
in the presence of strong wrist extensors, the supinator
muscle is always functional. Supination is preserved by a
functional biceps [18]. Nerve transfer to the PIN should
allow for reinnervation, not only of the ECD and extensor
pollicis longus, but also of the abductor pollicis longus
and extensor pollicis brevis (avoiding trapezio-metacarpal
joint arthrodesis or abductor pollicis longus tenodesis),
and reinnervation of the extensor carpi ulnaris, which
could eventually be transferred secondarily to the flexor
carpi ulnaris to stabilize the wrist when the digits are
extended [34]. Bertelli and Ghizoni [35] also proposed
free gracilis muscle transfers for thumb and finger exten-
sion, with innervation supplied by the supinator in patients
with long-standing tetraplegia, when electrical stimulation
of the PIN fails to produce muscle contraction.

If transferring the teres minor motor branch to the tri-
ceps long head motor branch fails, a second-stage surgery
involving a posterior deltoid tendon transfer to the triceps
can be performed (Moberg’s procedure). If transferring
motor branches for the supinator to the PIN fails, a second-
stage surgery involving ECD and EPL tenodesis remains
an option. If transferring the motor nerve branch to the
brachialis to the AIN produces a good result, it can even-
tually be followed by a BR tendon transfer, employing a
tendon graft to improve thumb opposition [26]. In cases of
failure, the conventional approach can still be performed,
consisting of House’s one-stage active key-pinch recon-
struction: adding a BR to FLP tendon transfer to Henz’s
procedures (FLP split, fixation of IP with a K wire or an
arthrodesis of the IP joint of the thumb), as well as CMC
fusion and EPL tenodesis to balance the tendency towards
flexion.
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Group 3

As with group 2, in group 3 patients, the lesion is at the C6
level. This group differs from the previous one, in that both
the ECRL and ECRB exhibit grade 4 or more strength.
Current strategies involve a teres minor to triceps nerve
transfer; a supinator to PIN nerve transfer; a brachialis to
AIN and FDS nerve transfer; and ECRL to FDP (3rd to 5th
finger) tendon transfers. This conventional strategy stems
from Zancolli’s procedure [31]. He divided reconstruction
into two steps: a first stage, aiming to restore extension
functions, and a second stage to restore flexion functions.
For the first stage (restoring extension), he suggests an
extensor tenodesis (ECD and EPL tenodesis); a “lasso
procedure”; and thumb IP joint fusion. Zancolli’s “lasso
procedure” goal is to prevent MP joint hyperextension or
clawing of the fingers during extension; it uses the FDS
to flex the MP joints [2]. For his second stage (restoring
flexion), he suggests an ECRL to FDP tendon transfer;
and a BR to FLP tendon transfer. This step must be done
after scar resolution and functional tenodesis have been
achieved from the first step.

Some surgeons prefer to treat group 3 patients like
their group 2 counterparts, employing House’s one-stage
active key-pinch reconstruction to avoid the loss of wrist
strength. We propose a strategy that incorporates a teres
minor to triceps nerve transfer; a supinator to PIN nerve
transfer; a brachialis to AIN and FDS nerve transfer; and
an ECRL tendon transfer to the third through fifth finger
FDPs.

If the teres minor motor branch to the triceps long head
nerve transfer fails, a second-stage procedure that involves
transferring the posterior deltoid tendon to the triceps can
be performed (Moberg’s procedure). If transferring the
PIN fails to restore thumb and finger extension, a second-
stage procedure can be undertaken that consists of ECD
and EPL tenodesis.

Bertelli suggests using ECRB to AIN nerve transfers
and, in cases of nerve transfer failure, a secondary proce-
dure involving a brachialis (with graft) and brachioradialis
tendon transfer to enhance finger flexion [36]. Bertelli and
Ghizoni [37] recently observed flexion recovery in all fin-
gers after transferring the ECRB to the AIN, probably due
to intermuscular nerve connections between the ulnar and
AIN branches; they concluded that utilizing the ECRB as
a donor to the AIN produced better recovery of finger flex-
ion than using the brachialis or brachioradialis as a donor.

Brachialis to AIN nerve transfers remain our first
choice, as we prefer to spare the ERCB for secondary ten-
don transfers. In our hands, ECRB tendon transfers restore
finger flexion very reliably. The eventual preponderance
of finger flexion generated by tendon transfers, during
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the phase of inadequate recovery of extension (because
of the supinator to PIN nerve transfer), can be managed
with the support of a dynamic radial nerve palsy splint,
until extension function recovers or until some second-
ary surgery (extensor tenodesis) is performed when the
nerve transfer fails. We suggest not primarily transfer-
ring the ECRL to the FDP for the index finger because,
if the brachialis to AIN nerve transfer has a good result,
active and independent index finger pinch function may
be restored. If transferring the motor nerve branch to the
brachialis to the AIN produces a good result, restoration
can be completed with a BR transfer to improve thumb
opposition [26]. On the other hand, in cases of brachia-
lis to AIN nerve transfer failure, tenodesis of the index
FDP to the FDPs of the other fingers (3-5), controlled by
concomitantly performing an ECRB tendon transfer and a
BR to FLP tendon transfer, could be performed. Eventu-
ally, additional procedures, depending upon the extent of
secondary recovery (e.g. FLP split, fixation of the IP with
a K wire, arthrodesis of the IP joint of the thumb, CMC
fusion) could be considered.

Group 4

Patients in this group also have their lesion at the C6 level,
but grade 4 or greater strength in the pronator teres, which
can then be considered for transfer, paying attention to its
important role in manual wheelchair propulsion. The opti-
mal strategy involves a supinator to PIN nerve transfer; a
brachialis to the AIN and FDS nerve transfer; and ECRL to
FDP tendon transfers for digits 3-5.

In this group, more muscles are available for tendon trans-
fer (BR, ECRL, PT) and the ECRB is generally preserved to
maintain good wrist control [2]. For this reason, the conven-
tional strategy consists of two-stage reconstruction of grasp
and release movements, in accordance with House’s strategy.
The first, extensor phase consists of three surgical steps:
carpometacarpal (CMC) fusion and ELP tenodesis; exten-
sor digitorum communis tenodesis to the distal radius (or a
BR to ECD transfer); and an intrinsic tenodesis using a free
tendon graft routed through the lumbrical canals [26]. The
second, flexion phase consists of two or more surgical steps:
a BR or PT transfer to the FLP; an ECRL to FDP transfer;
and, perhaps eventually, generating BR or PT opposition
with an FDS graft. If the PT is used as a transferred tendon
for the FLP, the BR could be considered to restore adduc-
tion-opponens function, if it is transferred using a paralysed
FDS; this can be considered an “in situ tendon graft” [2].

Another possible strategy is similar to the one previously
described for group 3, with some differences. Transferring
the teres minor to the triceps is unnecessary because, with
lesions at this level, the triceps is quite functional. Another

surgical step could be a PT to FSD nerve transfer. Garcia-
Lopez et al. [38] have claimed that two branches of the
median nerve innervate the PT and that transferring one of
these branches to the ECRL resulted in restoration of M4
wrist extension in six patients with a high radial nerve palsy,
while preserving at least M4 pronation strength. On the other
hand, with a radial nerve palsy, pronation can still be accom-
plished with the pronator quadratus, and with the flexor carpi
radialis and flexor digitorum profundus and superficialis.
As such, it is difficult to predict the real pronation deficit
that results from Garcia-Lopez and colleagues’ procedure
in group 4 tetraplegics.

In a normal hand, pronation from full supination to neu-
tral is probably also achieved with the brachioradialis, with
contributions from the extensor carpi ulnaris and extensor
digiti minimi [37, 39]. In group 4 patients, only the brachio-
radialis will induce partial pronation, in patients with a PT
deficit. Furthermore, the PT provides considerable power
for manual wheelchair propulsion. Consequently, we sug-
gest avoiding PT to FSD nerve transfers. For a secondary
procedure, one option is adding House’s intrinsic muscle
procedure.

Group 5

In this group, the lesion is at the C7 level and patients have
FRC strength equal to grade 4 or 5. One potential strategy
involves a supinator to PIN nerve transfer; a brachialis to
AIN and FDS nerve transfer; and ECRL to FDP tendon
transfers for the third through fifth fingers. The current
operative strategy is the same as for group 4. Moreover, we
propose the same approach for group 4 that other authors
have already endorsed. It is possible to use the FCR as a
nerve transfer to either the PIN [38] or AIN. However, we
agree with House’s suggestion that the FCR be kept in place,
to preserve maximal wrist control [33].

Group 6

Among patients in this group, the lesion is at the C7 level
and patients have EDC strength measuring 4 or greater. Con-
sequently, the extensor stage of reconstruction is unneces-
sary; only flexors must be restored. These patients have a
“flat-hand” appearance, because they have unopposed digital
extension and lack an active grasp. They have strong shoul-
der and elbow control, with excellent ability to position their
hand in space. For this reason, they benefit from grasp and
pinch reconstructive surgery.

The optimal surgical strategy should involve EPL tenode-
sis; a brachialis to AIN and FDS nerve transfer; and ECRL
to FDP tendon transfers for the third through fifth fingers.
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Active finger extension is strong, but EPL function is absent
or weak. For this reason, EPL tenodesis or transfer onto the
EDC can be done to improve thumb extension. The conven-
tional strategy adds to this; the same flexion-phase proce-
dures suggested for the previous two patient groups.

Our strategy consists of EPL tenodesis; ECRL tendon
transfers to the third through fifth finger FDPs; and a brachi-
alis to AIN/FDS nerve transfer. Bertelli and others propose
transferring the distal terminal motor branch of the extensor
carpi radialis brevis to the nerve of the flexor pollicis longus
to reconstruct thumb flexion, and a brachialis tendon transfer
with a graft to restore finger flexion [40-43]. As previously
stated, we prefer to avoid any ECRL nerve transfers, instead
employing tendon transfers to reanimate finger flexion. For
a secondary procedure, adding House’s intrinsic muscle pro-
cedure is, once again, an option.

Group 7

In this group, the lesion is again at the C7 level, but even the
EPL has level 4 strength or greater. Both finger and thumb
extensors are strong, so only flexor recovery is needed. The
conventional strategy consists of ECRL transfer to the FDP,
and BR or PT transfers to the FLP to restore an active pinch
(as in the previous groups). One feasible strategy involves a
brachialis to AIN and FDS nerve transfer and ECRL to FDP
tendon transfers, again for digits 3-5. Adding to these pro-
cedures, thumb control can be improved with CMC fusion
and an opponensplasty, depending on the thumb’s stability
and patient’s preference. Intrinsic reconstruction can also be
performed to improve digital grasp (the Lasso procedure)
[44]. We propose adopting the same approach as described
for group 6, without EPL tenodesis. As a secondary proce-
dure, we prefer adding an extensor indicis proprius (EIP) or
extensor digiti minimi (EDM) opponensplasty and, even-
tually, intrinsic reconstruction procedures, as suggested by
both Zancolli [41] and Bourrel [43].

Group 8

Among group 8 patients, the offending lesion is at the C8
level, and patients have an intact FUC and partial FDP func-
tion. Usually, the flexors of the two most ulnar-side fingers
are stronger than those of the thumb, index and middle
fingers.

The conventional strategy to improve finger flexion con-
sists of Zancolli’s two-stage reconstruction, entailing extrin-
sic transfers and intrinsic reconstruction. Extrinsic transfers
consist of side-to-side sutures of the four profundus tendons,
while half of the index FDP is woven transversely across the
other tendons to ensure the right tension. Another step is a
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BR or PT to FPL transfer. And a further option is an ECRB
to second FP tendon transfer to achieve independent flexion
of the index finger.

We propose transferring a nerve branch to the ECRB
to the AIN [32, 33]. If this procedure fails, it is nonethe-
less still possible to use House’s one-stage active key-pinch
reconstruction (BR to FLP tendon transfer) followed by
Henz’s procedures (FLP split, fixation of IP with a K wire,
or arthrodesis of the IP joint of the thumb). CMC fusion
and EPL tenodesis will balance tendencies towards flexion,
while tenodesis of the second FDP to the third, fourth and
fifth finger FDPs will complete hand function. Reconstruc-
tion of intrinsic muscle function consists of an opponens-
plasty with the EPI or EDM, a Zancolli lasso technique, and
CMC fusion or intrinsic tenodesis (House’s technique) [26].
Opponensplasty and intrinsic function reconstruction may
be considered secondary procedures.

Group 9

Patients in group 9 have functioning FDS muscles, as well as
all the other extrinsic finger and thumb flexors and extensors,
but they lack intrinsic muscle innervation. These patients
benefit most from opponensplasty and intrinsic reconstruc-
tions, depending on the level of intrinsic imbalance present.
Clawing of the digits with MP hyperextension of the fingers
can be treated with Zancolli’s [41] passive or active lasso
procedure [44]. PIP flexion deformities due to a central slip
deficiency can be treated with House’s intrinsic tenodesis.

Conclusions

Starting from conventional treatments, we have proposed
new strategies using tenodesis and tendon transfers, in asso-
ciation with nerve surgery, to improve upper-limb func-
tion in patients with tetraplegia. The combination of nerve
and tendon transfer should be a valuable tool in the hand
of surgeons; despite the risk of loss of function and treat-
ment failure, a salvage conventional procedure can always
be performed.
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