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Abstract

After cervical spinal cord injury, the loss of upper limb function is common. This affects an individual’s ability to perform activities of daily living
and participate in previous life roles. There are surgical procedures that can restore some of the upper limb function lost after cervical spinal cord
injury. Tendon transfer surgery has been performed in the tetraplegic population since the early 1970s. The goals of surgery are to provide a person
with tetraplegia with active elbow extension, wrist extension (if absent), and sufficient pinch and/or grip strength to perform activities of daily
living without the need for adaptive equipment or orthoses. These procedures are suitable for a specific group, usually with spinal cord impairment
of C4-8, with explicit components of motor and sensory loss. Comprehensive team assessments of current functioning, environment, and personal
circumstances are important to ensure success of any procedure. Rehabilitation after tendon transfer surgery involves immobilization for tendon
healing followed by specific, targeted therapy based on motor learning and goal-orientated training. Outcomes of tendon transfer surgery are not
limited to the improvements in an individual’s strength, function, and performance of activities but have much greater life affects, especially with
regard to well-being, employment, and participation. This article will provide an overview of the aims of surgery, preoperative assessment,
common procedures, postoperative rehabilitation strategies, and outcomes based on clinical experience and international published literature.
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After cervical spinal cord injury (SCI), impairments to the upper
limb are common for both complete and incomplete injuries. For
individuals with an injury to C5-8, shoulder muscles often retain
strength, but the muscles controlling the elbow, wrist, forearm,
and hand have weak or no active movement, depending on the
level of injury. This affects the individual’s ability to perform
functional activities and to participate in previous life roles. Re-
turn of arm and hand function has been reported as the highest
priority for people with tetraplegia—above walking, bowel,
bladder, and sexual function.'” Traditionally, nonsurgical reha-
bilitation of the upper limb for people with tetraplegia has con-
sisted of strengthening innervated muscles followed by learning
compensatory techniques, provision of orthotics, or environment
modification to facilitate function.® However, orthotic devices
have poor long-term acceptance by people with tetraplegia,” and
environment modification outside the individual’s home
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environment is limited or absent. Tendon transfer surgery is one
method of restoring upper limb function with the aims of reducing
the need for orthotics and adaptive equipment and
increasing function.

Surgical reconstruction of the upper extremity, using tendon
transfers, in people with tetraplegia was first popularized by
Moberg in the 1970s. Since that time, the procedures have
remained true to this principle and have been adopted by many
centers worldwide.® ' His guiding principle was that the outcome
of any reconstructive procedures was dependent on wrist exten-
sion torque and the availability of active muscles for transfers,' as
determined by the International Classification for Surgery of the
Hand in Tetraplegia.'” Voluntary active wrist extension is the key
to good grasp in people with tetraplegia, with or without tendon
transfer surgery, because of the tenodesis action initiated by the
wrist. This tenodesis occurs because the tendons of the finger and
thumb pass over the wrist; therefore, when the wrist is actively
extended, passive tension of the flexor muscles puts them under
tension, creating a gross grip pattern of the fingers and a lateral
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pinch of the thumb (fig 1). Conversely, finger and thumb openings
can be created by flexing the wrist to increase the passive force in
the tendons of the extensor muscles.'>'® However, these forces are
weak (1—2N maximum) and dependent on the posture of the
fingers and thumb.'® Most activities of daily living (ADL) per-
formed by people with tetraplegia (eg, opening and closing a zip,
pressing a remote control button, stabbing food with a fork)
require pinch forces >2N."”

Common tendon transfer procedures include provision of
elbow extension (if absent) by posterior deltoid to triceps or biceps
to triceps transfer, provision of wrist extension (if absent), and
creation of pinch and/or finger-palm grasp. Innovative techniques
(eg, implanted functional electrical stimulation,'® nerve trans-
fers' %) have more recently been used in conjunction with tendon
transfers to optimize arm and hand function in people with
tetraplegia.

Timing for surgery

It has been established that the greatest proportion of motor and
sensory recovery will occur within the first 6 to 9 months after
SCL*** People with tetraplegia are not usually considered for
tendon transfer surgery until after this time to ensure that they
have reached their plateau of neurologic recovery.'®3?° There is,
however, no contraindication to those who wish to have surgery
many years after their injury.® It is important that the individual
has reached their functional potential and demonstrated psycho-
logical adjustment to their SCI and motivation to improve their
physical functioning prior to referral for surgery.”’ In addition, as
with many surgical procedures, the outcomes of surgery are reliant
on the preoperative condition of the limb. For tendon transfer
procedures to be effective, it is important that the upper limb
demonstrate normative, pain-free passive range of motion in all of
the joints.

Principles of surgery

Tendon transfer procedures involve surgical transfer of the distal
tendon from an innervated muscle into the tendon of a paralyzed
muscle to restore movement. The proximal attachment of the
donor muscle is left intact and may continue to perform its orig-
inal function. When the donor muscle is voluntarily activated,
movement across each joint of its new anatomic location
is possible.

Essentially, tendon transfer surgery is suitable for people who
have sufficient strength in their proximal upper limb to lift their
hand to their mouth. This is generally those with C5-8 SCI.
Individuals at these levels lack active elbow extension (C5-6),
wrist extension (C5), finger and thumb flexion (C5-7), finger and
thumb extension (C-6), and thumb opposition (C8). Although not
all of the complex movements of the nonimpaired hand can be
recreated, basic pinch and grip are possible and can significantly

List of abbreviations:

ADL activities of daily living
ICF International Classification of Functioning, Disability and
Health
ISNCSCI International Standards for Neurological Classification
of Spinal Cord Injury
SCI spinal cord injury

Fig 1  Passive tenodesis.

improve functional performance. Surgical reconstruction of hand
function has been a specialized area of expertise dominated by the
knowledge of surgical techniques and advanced through biome-
chanical research. The muscle selected for the transfer (the donor
muscle) is dependent on a number of factors, including strength,
route and direction of the transfer, architecture of the donor
muscle and the function required, and synergism of the tendon
transfer. Optimally, the donor muscle should be Medical Research
Council grade 4 or 5 because it is expected to lose a grade of
strength performing its new action after transfer. Transfer of a
weak donor muscle will not be effective in performing its new
role. The surgical technique is specific for each donor muscle and
is based on knowledge of its force-producing capacity. Post-
operative muscle reeducation may be easier if the muscle’s orig-
inal and new functions are synergistic. For example, wrist
extension and hand closing occur together naturally. Therefore,
learning to close the hand after transfer of a wrist extensor to the
finger flexors may facilitate activation postoperatively. It is critical
to ensure that the potential donor muscle for transfer has redun-
dant function and its synergists are strong so it will not reduce the
individual’s current level of functioning.

The level of SCI generally determines the muscles and options
available for transfer. Strong grasp or pinch requires active
contraction of the intrinsic and extrinsic hand musculature.
Depending on the available muscles for transfer, these functions
may be restored actively or passively.”® Wrist extension is
fundamental to the success of other transfers and if there is only 1
available donor muscle, it will be used to restore wrist extension.
With active wrist extension, the passive tension in the finger
flexors and extensors can be used to open and close the hand, as
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previously described. This effect can also be enhanced to provide
greater passive force, by anchoring selected tendons to the bone in
a shortened range (tenodesis). With additional donor muscles and
an already strong wrist extensor, active pinch and grip can be
restored with transfers to the thumb and finger flexors.

In the absence of an available active muscle for transfer,
tenodesis and arthrodesis may be used to provide other functions of
the hand as long as there is sufficient wrist extensor torque to power
them.”*! These procedures limit the degrees of freedom that must
be controlled by only a few muscles. Arthrodesis (fusing a joint) is
particularly useful in stabilizing the thumb at the carpometacarpal
or metacarpophalangeal joint to provide effective positioning and
control to produce pinch function. This may however limit thumb
opening and acquisition of larger objects. The strength of tenodeses
to provide key pinch is approximately half the strength provided by
active transfers.”” Precision versatility and utility of pinch is better
in active transfers than tenodesis.'' >3-

Preoperative assessment

It is important that assessment for tendon transfer surgery is
performed by a team including physiatrists, surgeons, and thera-
pists. This ensures a comprehensive assessment of strength,
sensation, upper limb, and global function is obtained and pro-
vides a baseline for the evaluation of the procedures over time.
This will also facilitate goal setting for the surgical procedures.
One important component of selecting the appropriate surgical
procedures is the evaluation of strength and sensation of the upper
limb. Although the International Standards for Neurological

Classification of Spinal Cord Injury (ISNCSCD™ provide a
common understanding of the degree of impairment after SCI, it is
not particularly useful for assessing the potential for tendon
transfer surgery. One of the limitations of the ISNCSCI is that it
provides insufficient information on all upper limb muscles and
sensation, particularly in the hand.*® In addition, the ISNCSCI is
not sensitive enough to detect small but clinically significant
changes in arm and hand strength. Therefore, a more specific
classification, the International Classification for Surgery of the
Hand in Tetraplegia has been developed specifically for assess-
ment of surgical planning in the upper limb (fig 2).'® In addition,
therapists need to implement assessment of an individual’s func-
tion over the 3 domains of the International Classification of
Functioning, Disability and Health (ICF),”’ using validated
outcome measures for this population.’***** More importantly,
the person with tetraplegia needs to be involved in the decision-
making process for surgery to ensure procedures are individual-
ized to that person.”’ This ensures that the type of surgically
created grasp will best meet the goals of the individual and may
result in different surgical procedures being performed on each
arm/hand.

Surgical procedures

The number and type of procedures that can be performed are
based on the individual’s International Classification for Surgery
of the Hand in Tetraplegia. Individuals with a greater number of
muscles available for transfer will have more options for recon-
structing specific hand functions.

ICSHT

Group 0 - No muscles for transfer

Group 1 - Brachioradialis

Group 2 - Extensor Carpi Radialis Longus
Group 3 - Extensor Carpi Radialis Brevis
Group 4 - Pronator Teres

Group 5 - Flexor Carpi Radialis

Group 6 - Extensor Digitorum Communis

ISNCSCI Level of SCI
Elbow Flexors C5
" Wrist Extensors
C6
" Elbow Extensors | c7|
" Finger Flexors
C8

Group 7 - Extensor Pollicis Longus
Group 8 - Partial Digital Flexors

Group 9 - Lacks only intrinsics

injury.

Key: ISNCSCI = International Standards for Neurological Classification of Spinal Cord Injury;
ICSHT = International Classification for Surgery of the Hand in Tetraplegia: SCI = spinal cord

Group X - Exceptions

Fig 2
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Summary of common procedures

Surgeons have personal preferences for using different surgical
procedures based on experience and prior outcomes. Surgical
literature should be reviewed for the details of specific procedures
because they are constantly under revision to improve techniques
for achieving the optimal outcome. There are a number of com-
mon procedures with predictable outcomes that restore basic
upper limb functions in this population,®-26-28-3%41-44

For the provision of active elbow extension either a biceps
brachii to triceps brachii****® or a deltoid to triceps brachii’®*”**
transfer can be offered. Both procedures have an immobilization
period/reeducation period of up to 8 weeks after surgery before
any functional rehabilitation can commence. For the provision of
wrist extension, pinch and/or grip surgical options for tendon
transfer are dependent on the number of spare active muscles
available and the individual’s goals. The brachioradialis is the
most commonly available muscle for transfer because it is
considered a spare elbow flexor because the biceps is the primary
elbow flexor. Therefore, the brachioradialis can be used for a
transfer into either wrist or finger extensors or thumb or finger
flexors. Other muscles available for transfer, depending on the
level of SCI, include extensor carpi radialis longus, pronator teres,
flexor carpi radialis, and palmaris longus. Palmaris longus,
extensor digiti minimi, and flexor digitorum superficialis may also
be used as passive transfers for tenodeses. The split distal flexor
pollicis longus tenodesis described by Mohammed et al® is an
alternative to thumb interphalangeal joint arthrodesis for the
prevention of excessive flexion of the thumb during pinch. Com-
mon surgical procedures are shown in table 1.

Principles of rehabilitation after tendon
transfer surgery

During the immediate postoperative stage, immobilization of the
arm and hand is usually provided by well-padded plaster casts,
splints, or braces. The period of immobilization is dependent on the
surgical techniques performed. In general this is 3 to 4 weeks to
allow for tendon healing*'; however, some centers commence
mobilization exercises within days of surgery.”® With regard to
rehabilitation after tendon transfer surgery, published literature re-
fers to triggering the transferred muscles to be active in its original
role, use of electrical stimulation or biofeedback as required, and
instructions to use the transferred muscle as much as possible.'>**~>
Although the techniques used are dependent on the procedures
performed, in general current practice consists of regaining active
and passive range of motion after immobilization, reeducation of
new muscle action, and then learning/practice of functional tasks
and ADL. This relearning process is time-consuming and
demanding and not only involves specific skills training but also
training in self-efficacy, self-belief, and confidence building. This
then enables the person with tetraplegia to translate the new skills
from surgery into all life domains.’>>* The improvements in func-
tion after tendon transfer surgery have been shown to continue for up
to 12 months postsurgery,” and effects of this improvement in
function continue for an individual’s lifetime.”*

Outcomes after tendon transfer surgery

A number of studies have explored the outcomes of tendon
transfer surgery for people with tetraplegia. Evidence of the

Table 1  Common surgical procedures

Possible Reconstructive

ISNCSCI ICSHT Desired Function Procedures

C5 0 No muscles available for transfer
1 Elbow extension  PD to triceps or biceps to
triceps
Wrist extension ~ BR to ECRB
Key pinch FPL tenodesis
Split distal FPL tenodesis
C6 1-3 Elbow extension  PD to triceps or biceps to
triceps
Key pinch BR to FPL or FPL tenodesis
Split distal FPL tenodesis
Thumb extension EPL tenodesis
Gross grasp BR to FDP or ECRL to FDP
Gross release EDC tenodesis
C7* 4—7 Key pinch BR to FPL or PT to FPL

Split distal FPL tenodesis
Gross grasp ECRL to FDP or PT to FDP
Gross release PT to EDC
c8 8 and 9 Thumb opposition ECU to FCU to FPL using FDS

Abbreviations: BR, brachioradialis; ECRB, extensor carpi radialis brevis;
ECRL, extensor carpi radialis longus; ECU, extensor carpi ulnaris; EDC,
extensor digitorum communis; EPL, extensor pollicus longus; FCU,
flexor carpi ulnaris; FDS, flexor digitorum superficialis; FPL, flexor
pollicis longus; ICSHT, International Classification for Surgery of the
Hand in Tetraplegia; PD, posterior deltoid; PT, pronator teres.

* There are many surgical options for ICSHT classes 4 through 7, and
depending on surgeons’ choice a number of different motors may be
transferred to provide the function required.

functional gains from these procedures that have been summa-
rized in 3 comprehensive systematic reviews of the litera-
ture.>’”%57 However, all 3 reviews commented on the lack of
high-quality studies because of the variability of SCI levels,
leading to small sample sizes compounded by the numerous
surgical approaches and use of different assessment tools for
evaluation.

Elbow extension surgery

In a systematic review of the literature, Hamou et al’® found that
mean elbow extension strength after deltoid-triceps transfers
improved from preoperatively Medical Research Council grade
0 to grade 3 (out of 5) postoperatively. Provision of elbow
extension stabilizes the elbow and provides greater range of
movement in the horizontal plane. The ability to extend the hand
in space by an additional 30cm results in an additional 800% of
space that the hand can reach.’® Measurement of self-identified
goals after deltoid-triceps surgery demonstrated clinically
important improvements and high satisfaction of the perfor-
mance of the goal.”® Unsurprisingly, commonly identified goals
after deltoid-triceps surgery are within the mobility domain of
the ICF, which include propelling a wheelchair and trans-
fers.”>”%" Goals directly related to self-care and dressing,
driving a vehicle, and positioning arms when lying down have
demonstrated the greatest level of satisfaction after surgery.”” A
smaller number of studies have reported outcomes after biceps-
triceps surgery with similar improvements in elbow extension
ability noted.”' 33!
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Pinch and grip reconstruction surgery

Impairment-level gains in pinch and grip strength after tendon
transfers are small but important for individuals in terms of im-
provements in arm/hand function. From a systematic review of
published literature, the mean postoperative pinch strength has
been synthesized to be 2kg, where previously it was 0.°°
Improvement in pinch and grip strength improves an in-
dividual’s ability to perform ADL without the need for orthoses or
adaptive equipment.”"®? This includes tasks such as feeding,
drinking, and self-care.*®® In addition, many tasks that were
impossible to perform prior to surgery are able to be performed
after surgery.'’”>%*%5 Improvements in independence in all as-
pects of daily living have been reported after pinch and grip
reconstruction surgery that then gives confidence in other areas of
life.**3*% In a longitudinal study on tendon transfer surgery,
strength of tendon transfers have been maintained for up to 20
years after surgery, to date.”” Patient satisfaction after upper limb
reconstructive surgery is high,?*-3:02:63.68

Conclusions

This article has provided an overview of tendon transfers for
restoration of upper limb in people with tetraplegia. Comprehensive
multidisciplinary assessment of the individual before and after
surgery is important to create the surgical plan and rehabilitation
goals and establish and measure level of functioning. Improvements
in strength and performance of ADL tasks after surgery frequently
translate into improvements in self-confidence and independence in
other life domains. Outcomes of these surgical techniques can take
up to 12 months and beyond after surgery to be fully realized.
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