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Introduction

Background Tendon transferin the upper extremity represents a powerful toolin the
armamentarium of a reconstructive surgeon in the setting of irreparable nerve injury
or the anatomic loss of key portions of the muscle-tendon unit. The concept uses the
redundancy/expendability of tendons by utilizing a nonessential tendon to restore the
function of a lost or nonfunctional muscle-tendon unit of the upper extremity. This
article does not aim to perform a comprehensive review of tendon transfers. Instead it
is meant to familiarize the reader with salient historical features, common applications
in the upper limb, and provide the reader with some technical tips, which may facili-
tate a successful tendon transfer.

Learning Objectives (1) Familiarize the reader with some aspects of tendon transfer
history. (2) Identify principles of tendon transfers. (3) Identify important preoperative
considerations. (4) Understand the physiology of the muscle-tendon unit and the Blix
curve. (5) ldentify strategies for setting tension during a tendon transfer and rehabil-
itation strategies.

Design This study was designed to review the relevant current literature and provide
an expert opinion.

Conclusions Tendon transfers have evolved from polio to tetraplegia to war and rep-
resent an extremely powerful technique to correct neurologic and musculotendinous
deficits in a variety of patients affected by trauma, peripheral nerve palsies, cerebral
palsy, stroke, and inflammatory arthritis. In the contemporary setting, these very
same principles have also been very successfully applied to vascularized composite
allotransplantation in the upper limb.

extremity to separate a nonessential MTU from its anatomic
insertion and reroute it to perform a function for which it

Tendon transfer in the upper extremity is a transformative
tool which can restore lost functions suffered as a result of
central or peripheral neurologic injury or traumatic loss of a
muscle-tendon unit (MTU). A tendon transfer makes use of
the redundancy and expendability in muscles of the upper
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was not originally designed. This tool allows surgeons to use
functional, but nonessential, MTUs to help perform other
functions which are deficient due to tendon rupture, muscle
death, irreparable peripheral nerve injury, or central nervous
system dysfunction.
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History

The conceptual foundation of using a dispensable muscle
to replace the function of a paralyzed or lost muscle lies in
the polio epidemics in Europe in the 19th century which
left many children paralyzed at the inception of early mod-
ern surgery. The father of this technique is generally con-
sidered to be Carl Nicoladoni who first described its use in
Innsbruck, Austria, using the peroneus longus tendon to
treat paralysis from polio in 1882." This approach gained
in popularity largely due to further advances by Tomasz
Drobnik,> who described it in Konigsberg, Germany, to
treat foot drop and was the first to use the technique in the
upper extremity, describing its use in radial nerve palsy.
Steindler in 1918 described the importance of preserving
the blood supply to the transferred tendon to restore elbow
flexion* which allowed for further improvement in out-
comes. Incorporating lessons learned from the world wars,
especially World War II, in 1960 Bunnell and Boyes further
emphasized the atraumatic technique which is essential
to preserve the integrity of the transferred tendon.* These
authors are generally considered to be the fathers of the
contemporary state of the art of tendon transfers in the
upper extremity. In the modern era, tendon transfers are
widely used for a variety of deficits including replacement
of a ruptured or avulsed tendon/muscle,” peripheral nerve
injuries with no hope of improvement,® central neurologi-
cal deficits such as spinal cord injury or cerebral palsy, and
more recently in vascularized composite allotransplan-
tation (VCA) in the case of hand transplantation.”® These
techniques are sometimes accompanied by additional treat-
ments including nerve transfer, dynamic splinting, tendon
grafting, tenodesis, arthrodesis, and functional free muscle
transfer.

Key Principles of Tendon Transfer

In 1916, Biesalski and Mayer described five main principles
of tendon transplantation.’

* Restoration of tendon-sheath relationship.

* Direct the tending through tissues which allow tendon
gliding.

* Imitate normal insertion.

* Establish normal tension.

 Preserve an effective line of tension.

Preoperative Considerations for the Soft
Tissues and Skeleton

To accomplish the goals mentioned above, it is important to
ensure the following prior to embarking upon surgery.

» Neurologic recovery has plateaued.

* Tissues have achieved equilibrium (meaning that inflam-
mation and edema have subsided to minimize scarring/
tethering).

 There is a stable and healthy soft tissue bed with a stable
skeleton.

Indian Journal of Plastic Surgery Vol. 53 No. 2/2020

Gardenier et al.

* Joints affected by the transfer are supple/mobile. Any skel-
etal injury or fracture should ideally be completely stably
fixed or healed.

Technical tip: A silicone Hunter rod may be used to pre-
serve or create a tendon path if the proposed path of the
tendon transfer is deemed unsuitable.’ In such a situation,
staged surgery is prudent. In the first stage, the Hunter rod
is placed along the course of the proposed tendon transfer. In
the second stage, which is usually performed 3 to 4 months
after the first stage, the Hunter rod is removed and the path
left behind by the rod is now utilized to facilitate passage of
the tendon transfer. If a Hunter rod is not available, a sterile
1/4 inch Penrose drain or sterile intravenous tubing may also
be utilized as alternate techniques to prepare the path for the
future tendon transfer.

Timing of the tendon transfer can be dependent upon
numerous variables and oftentimes surgery may need to be
deferred until a suitable time. In such situations, it is vitally
important that the joints that will be affected by the tendon
transfer or crossed by the tendon transfer be maintained as
supple as possible. An early referral and assessment by a hand
therapist is crucial to ensure suppleness of the joints with
passive mobilization techniques. Should joints have become
stiff or develop flexion deformities, the use of serial cast-
ing and wedging as well as joint mobilization techniques is
really important to ensure adequate suppleness of the joints
in preparation for the future tendon transfer. Suppleness of
joint movement which allows complete or near complete
passive range of motion of joints is mandatory and critical
prior to considering the transfer.

Donor Selection

The method for donor selection forms a key part in deci-
sion making for a tendon transfer. It necessitates a careful
and thorough assessment of what muscle units are work-
ing, their strength, and the desired function after the trans-
fer. The donor and recipient should be matched in terms of
strength, amplitude, excursion, direction of pull, and func-
tion. Excursion of the tendons in the wrist and hand may best
be thought of via the 3-5-7 rule.” Wrist flexors/extensors
provide 33 mm of excursion, while finger extensors provide
50 mm, and finger flexors provide 70 mm.!" Tenodesis effect
in the setting of a mobile wrist can augment finger exten-
sion by up to 2.5 cm when the wrist is flexed.!? It is essential
to select a donor of adequate strength to replace the desired
function, while also remembering that the strength of the
muscle is proportional to the cross-sectional area of the mus-
cle belly. Accordingly, the strongest forearm muscles are the
brachioradialis (BR) and the flexor carpi ulnaris (FCU), with a
relative strength (RS) of 2, followed by the flexor carpi radi-
alis (FCR), wrist extensors, and finger flexors, with a RS of 1;
finger extensors with a RS of 0.5, and finally abductor pollicis
longus (APL), extensor pollicis longus (EPL), extensor pollicis
brevis (EPB), and palmaris longus (PL), with a RS of 0.1.1314
The donor should be expendable and it is recommended
to use redundant muscles such as using one of the three wrist
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extensors—extensor carpi ulnaris (ECU), extensor carpi radi-
alis longus (ECRL), or extensor carpi radialis brevis (ECRB).
Ideally there should be synergistic properties of functional
muscle groups, such as utilizing a wrist flexor to augment
finger extension.

Additional Preoperative Considerations

Additional factors to consider prior to tendon transfer include
the following. (1) Managing the patient’s goals and expecta-
tions and making sure that they are realistic and aligned with
the goals of surgery. (2) Assess whether the neurologic deficit
is evolving and if so, delaying the transfer until recovery has
plateaued is prudent. (3) The emotional and social factors
impacting the patient, living situation, ability of caregivers
to support the patient in the postoperative recovery phase
including transporting the patient to their rehabilitation
appointments. (4) The patient’s functional requirements,
both vocational as well as avocational, must be recognized.
(5) The patient’s visual deficits if any must be identified early,
as these can adversely impact ability to participate in postop-
erative rehabilitation. (6) The sensibility of the hand which
is extremely critical in recovery and may dictate choice of
treatment if the hand is completely insensate.

Muscle-Tendon Unit Physiology|
Biomechanics

Understanding the physiology and biomechanics of the MTU
is key to a successful outcome. At the most basic level, this
means maximizing the overlap of actin and myosin filaments
in the resting state to allow for maximum possible tendon
excursion (=Fig. 1). This is conceptualized by the Blix curve
(=Fig. 2), which describes the relationship between the rest-
ing length of a muscle fiber and its ability to generate tension
in response to nerve stimulation or passive stretch.' In short
this curve shows that as muscle length increases beyond the
resting length, the ability of the muscle to generate tension via
contraction drops rapidly. However, beyond a certain length
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the tension does rise simply due to the passive stretch of the
muscle. This was demonstrated experimentally by Lieber et
al in 1992 by using laser diffraction to measure sarcomere
length in muscles,'® and this work was later advanced by
further experiments by Takahashi et al.'"” The resting length
is the position from which the muscle generates its greatest
force in response to motor stimulation and contraction of the
sarcomere. Viscoelastic force of muscle, which is the com-
bined resistance to stretch produced by muscle, fascia, and
connective tissue, increases with stretch but also adversely
affects the force generated by the muscle.

Adjusting the resting tension during tendon transfer is
crucial and is referred to as “tensioning.” If a tendon trans-
fer is too loose, there is too much actin-myosin overlap at
rest and contraction will not translate into adequate tendon
excursion. However, there are also are adverse consequences
to overtightening a tendon transfer as there is then not
enough actin-myosin overlap, since the sarcomere is length-
ened. Recent experiments have shown that overtightening a
tendon transfer can reduce the force of muscle to 28% of its
maximal force.'®

In 2007, Takahashi et al demonstrated that a surgeon
could measure sarcomere length using laser diffraction
during in vivo tendon transfer in rabbit experiments, but the
clinical utility in humans is not known."” Takahashi et al also
showed that after a tight tendon transfer, muscles will nat-
urally stretch over a period of weeks with increased sarco-
mere number, and then increased tendon length in response
to excess tendon tensioning, but it is unclear whether func-
tion improves.' If the tendon transfer is overtightened by
overstretching of the MTU, the contractile force decreases;
however, the tension in muscle via passive stretch increases
(=Fig. 2). In this overtightened state, the tendon transfer
works more via a tenodesis effect rather than by generating
a contractile force. For example, if an FCR to EDC transfer
in a radial nerve palsy is overtightened, the ability to per-
form active finger extension will be limited and will mostly
be obtained in a position of wrist flexion via the tenodesis
effect.
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Fig. 1 The relationship of actin and myosin molecules within a sarcomere determines the level of force generated by the muscle and the

amount of excursion of the tendon.
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Tension

Resting Length
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Fig. 2 The Blix curve was described by Magnus Blix in the late 18005 and is the summation of two tension-length curves—one for active con-
traction and one for elastic recoil when plotted against the length, demonstrating greatest force generation when stimulated, at the resting

length of the muscle-tendon unit.

Current Applications

Current applications include the replacement of ruptured
tendons, treatment of peripheral nerve palsies, cerebral palsy,
or other conditions such as VCA. However, peripheral nerve
palsies are the most common indication for upper extrem-
ity tendon transfers. Functional recovery after peripheral
nerve injuries is variable and can be incomplete. If functional
recovery after peripheral nerve injuries is not sufficient for
adequate function, tendon transfers currently remain the
treatment of choice in most parts of the world.

Technical Considerations

Several technical considerations are important to optimize
function and minimize complications after upper extrem-
ity tendon transfers. These include the type of tendon coap-
tation, when to consider arthrodesis, and how to manage
immobilization and therapy postoperatively. The Pulvertaft
weave was described in 1954 and consists of interweaving
the donor and recipient tendons three to four times.?° After
the first weave has been taken, a suture is placed and the ten-
sion of the transfer is assessed. The remaining weaves serve to
augment the strength of the repair. While this technique has
been remarkably effective, durable, and studied extensively,
it can be time consuming and create a bulky repair. More
recent biomechanical studies have suggested that the side-
to-side coaptation technique is at least as strong if not stron-
ger and may reduce the bulk of the repair to some extent.?!??
Another important consideration is early mobilization, and
some authors state that mobilization must begin within 24
to 48 hours to minimize risk of adhesions and joint stiff-
ness.?*? Traditionally though, most surgeons have relied on
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at least a brief period of immobilization of 2 to 3 weeks after
the procedure, before commencing rehabilitation. While the
literature certainly supports the role of early rehabilitation,
this must be carefully weighed against the patient’s ability
to comprehend and be compliant with these rehabilitation
programs. Finally, it is important to consider situations, such
as cerebral palsy, or stroke, or traumatic brain injury, when
arthrodesis may provide more stability and a superior out-
come to tendon transfer in some circumstances.

Radial Nerve Injury

Radial nerve injury results in inability to extend the wrist,
fingers, and thumb, and this is the most common indication
for upper extremity tendon transfers.” High radial nerve inju-
ries occur proximal to the elbow and result in all of the above
deficits by loss of innervation to the BR, ECRL, ECRB, exten-
sor digitorum communis (EDC), extensor digiti quinti (EDQ),
ECU, APL, EPB, EPL, and extensor indicis proprius (EIP). Low
radial nerve injuries occur below the elbow and mainly affect
the posterior interosseous nerve. In this injury wrist exten-
sion is relatively preserved due to proximal branches to the
ECRL. Commonly performed tendon transfers include pro-
nator teres (PT)-ECRB transfer for wrist extension. Thumb
extension is accomplished by transferring PL or the ring
finger flexor digitorum superficialis (FDS) to the EPL. Finger
extension is usually restored by transferring FCR, FCU, or FDS
to the EDC. Of these, the FDS provides the best tendon excur-
sion, but sacrifices some of the synergy for digital flexion. We
prefer to not use the FCU, as we consider it vital to effective
ulnar deviation of the wrist in flexion, and its role in the dart
thrower’s motion of the wrist. Multiple tendon transfers for
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Fig. 3 (A) Clinical appearance in radial nerve palsy following a high-energy humeral shaft fracture and no clinical functional recovery after
12 months. (B) In this case PT (instrument) was transferred to ECRB, FCR (red arrow) was transferred to EDC, and PL (yellow arrow) was trans-
ferred to EPL. (C-E) Nine months postoperative follow-up shows excellent restoration of the wrist, thumb, and digital extension. The patient
had returned to work and had recently sustained an unrelated traumatic boutonniere of the ring finger, which was also treated nonoperatively.
For intraoperative tensioning of transfers, please see »Video 1. ECRB, extensor carpi radialis brevis; EDC, extensor digitorum communis; EPL,
extensor pollicis longus; FCR, flexor carpi radialis; PL, palmaris longus; PT, pronator teres.

radial nerve palsy are shown in =Fig. 3, including PT-ECRB,
FCR-EDC, and PL-flexor pollicis longus (FPL).2

Technical tip: The preferred technique utilized by the
senior author (C.M.) is the Jones transfer. This consists of
transferring the PT to the ECRB to restore wrist extension,
the FCR to the EDC to restore finger extension, and the PL to
the EPL to ensure thumb interphalangeal (IP) joint extension.

The PT has a short tendon and the length of this is often
inadequate to effectively create a substantive Pulvertaft
weave. Therefore, it is recommended that the tendon
is lengthened by elevating it with a strip of periosteum
to increase its effective length and make the Pulvertaft
weave more substantive and stronger. However, in circum-
stances where this is also not adequate, the senior author
(C.M.) chooses to augment this repair by one the of two
techniques.

In the first technique the PT tendon is elongated by sew-
ing a long strip of dorsal forearm fascia which is harvested
while exposing the ECRB. This forearm fascia is sewn to the
PT tendon to make it longer. This allows a very substantive
Pulvertaft weave which is quite strong and four weaves can
be achieved. Alternatively, either a strip of forearm fascia or
a strip of the partial ECRL tendon can be harvested and sewn
on either side of the Pulvertaft weave to the ECRB and the PT
tendon respectively, to give an additional layer of strength to
the transferred tendon. Use of the forearm fascia in this man-
ner to augment a tendon repair is called fascial augmentation
tenorrhaphy, and is a useful tool in augmenting tenuous ten-
don repairs or tendon transfers.?

Setting tension: The first step is to transfer the PT to
the ECRB. This is done with the wrist maintained in 50 to
60 degrees of extension and some length may be gained in
the PT by flexion of the elbow. Once the tension has been set,
the wrist is then supported with a bump of towels to main-
tain it in its position. After the Pulvertaft weave is completed,

it should be possible to let the wrist be lowered gently pas-
sively to just short of neutral.

The next step is to set the tension for the digital extensors.
The FCR is transferred around the radial border. The digital
extensors are sewn together to make one mass proximal
to the extensor retinaculum and are not sectioned by the
senior author. The FCR is transferred in such a way so that
its angle of approach to the EDC is as close to a straight line
of pull as possible. Tension is set so that, with the wrist in 30
to 40 degrees of extension, it should be possible to flex the
metacarpophalangeal (MP) joints to approximately 50 to 60
degrees of flexion; in addition, lowering the wrist to neutral
should allow the MP joints to extend fully.

The EPL is released completely from its third compart-
ment so that it can be moved radially subcutaneously, and
it is not sectioned. This allows the transfer to extend as well
as abduct the thumb. In a similar way tension is set so that,
after the PL is sewn into the EPL with the wrist in extension,
it should be possible passively for the thumb tip to oppose
to the tip of the small finger. As the wrist is brought down to
neutral the thumb should automatically extend at both the
MP and IP joints (=Video 1).

Video 1

Intraoperative video demonstrating transfers utilized for
radial nerve palsy and the methods for setting tension as well
as augmenting the PT-ECRB transfer. ECRB, extensor carpi
radialis brevis; PT, pronator teres. Online content including
video sequences viewable at: https://www. thieme-connect.
com/products/ejournals/html/ 10.1055/s-0040-1716456.

Rehabilitation: In the immediate postoperative setting,
the patient’s upper limb is immobilized in a splint with the

Indian Journal of Plastic Surgery Vol. 53 No.2/2020
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elbow at 90 degrees of flexion, the wrist in maximal exten-
sion, the forearm in pronation, and the MP joints at neutral
extension. The IP joints are left free and an active range of
motion of the IP joints is encouraged. After suture removal
is done in 12 to 14 days, the patient’s upper limb is then
placed in a long-arm cast in the position described above.
The cast is discontinued 4 weeks postoperatively. The patient
is then transitioned to an Orthoplast splint with the elbow
free, the wrist in 30 degrees of extension, and MP joints at
neutral. Retraining of the transfers under the supervision of
a hand therapist is commenced at this time. Six weeks after
surgery, the patient is transitioned to night splinting only.
Eight to 10 weeks after surgery splinting is discontinued and
strengthening is commenced. Unrestricted activity is usually
allowed after 12 weeks.

Functional gains: It has been reported by Dabas et al that
the PT to ECRB transfer good resulted in a 48% increase in
grip strength and a 90% increase in strength of key pinch
6 months postoperatively. In addition, Skoll and colleagues
found that transferring the FCR restored nearly 79% of the
power grip compared with the unaffected side.?”2®

Ulnar Nerve Injury

Ulnar nerve injuries can be more devastating than radial
nerve injuries as the ulnar nerve innervates almost all the
intrinsic muscles of the hand. Specifically, the ulnar nerve
innervates FCU and part of the FDP along with the hypothe-
nar muscles, the third and fourth lumbricals, all of the dorsal
and palmar interossei, the adductor pollicis, and sometimes
the flexor pollicis brevis. Complete ulnar nerve palsies result
in clawing of the hand and loss of key pinch.

Loss of key pinch arises from paralysis of the adductor
pollicis and first dorsal interosseous muscles. Clawing results
from intrinsic muscle paralysis. In the normal hand, MP joint
extension by the extrinsic extensors is balanced by MP joint
flexion by the intrinsic flexors. However, in an ulnar palsy
once the intrinsic flexors are dysfunctional, the extrinsic
extensors are able to extend the MP joints without opposi-
tion, which in turn increases the tension of the long (extrin-
sic) flexor tendons leading to flexion at the IP joints. This is
made even more obvious because IP joint extension is lost
due to intrinsic muscle dysfunction. This leads to the classic
claw which affects the ulnar digits more.

In addition, patients also complain of asynchronous dig-
ital flexion and during the course of which, the normal cas-
cade of flexion which starts at the MP joints and progresses
to the IP joints is lost. Instead, the fingers flex first at the IP
joints and come into contact with the palm before MP joint
flexion is completed. This results in a rolling motion of the
digits. Therefore, in the act of grasping an object, the object is
actively pushed away by the fingertips, as opposed to grasp-
ing it. This is illustrated in = Videos 2 and 3 (courtesy of Hill
Hastings II, MD), showing the difference in grasping a round
object in an intrinsic minus hand as well as the difference
in flexion in normal and intrinsic minus hands. It must be
remembered that the degree of clawing is much worse in the
low ulnar nerve palsy as compared with a high ulnar nerve
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palsy. This is because in a high ulnar nerve palsy the profun-
dus tendons to the ring and small fingers are also paralyzed.
This is known as the “ulnar paradox.”

Video 2

Asynchronous flexion in an ulnar nerve palsy. Notice the
inability to grasp the object as it slides away from the
hand as it closes. (These images are provided courtesy
of Hill Hastings I, MD.) Online content including video
sequences viewable at: https://www. thieme-connect.
com/products/ejournals/html/ 10.1055/s-0040-1716456.

Video 3

Comparative depiction of synchronous and asynchro-
nous digital flexion, which highlights clawing and lack of
intrinsic function. (These images are provided courtesy
of Hill Hastings II, MD.) Online content including video
sequences viewable at: https://www. thieme-connect.
com/products/ejournals/html/ 10.1055/s-0040-1716456.

Functional restoration in ulnar nerve dysfunction consists
of restoration of profundus function to the ring and small fin-
gers, restoration of synchronous finger flexion, restoration of
key pinch, and correction of clawing.

In a high ulnar nerve palsy, small-finger and ring-finger
FDP function may be restored by suturing these FDP tendons
to the long-finger FDP to allow en-masse flexion of these
three digits.

Technical tip: The index finger profundus tendon is not
included in the suture, so as to preserve its independent
function.

Key pinch can be restored by transferring ECRB or FDS to
adductor pollicis. The ECRB is divided at its insertion and
withdrawn proximal to the extensor retinaculum. It is then
passed superficial to the extensor retinaculum and length-
ened with the help of a tendon graft (either the PL or a toe
extensor). A generous opening is created in the interosseous
space between the second and third metacarpals. Using the
third metacarpal as a pulley, this tendon is now routed deep
to the other flexors and superficial to the adductor pollicis to
be attached to the insertion of the adductor pollicis or to the
proximal phalanx of the thumb.

The ring or long-finger FDS tendons may also be trans-
ferred to the adductor pollicis, though with a less effective
line of pull and some sacrifice of grip strength.

Technical tip: In high ulnar nerve palsy, the FDS of the ring
finger should not be used for pinch restoration, as that would
lead to the sacrifice of the lone functioning long flexor in the
ring finger.

Clawing can be corrected via a variety of techniques. Prior
to deciding which technique to utilize in the correction of
clawing, the surgeon must perform the Bouvier test.

Technical tip: The Bouvier test differentiates between
simple clawing and complex clawing. The MP joint of the
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affected digits are placed into flexion and the patient is then
asked to extend the IP joints. If the patient is able to do so, the
test is considered to be positive and the clawing is then con-
sidered simple clawing. If the patient is unable to extend the
IP joints, then the test is considered to be negative and the
clawing is considered a complex clawing (~Video 4; courtesy
of Hill Hastings II, MD).

Video 4

The Bouvier test is demonstrated. Notice the improve-
ment in IP extension with blocking of MP extension.
An “anticlaw” splint placed in this manner can often
be a reasonable form of management for patients with
simple clawing, who are not suitable or willing for sur-
gery. (These images are provided courtesy of Hill Hastings
I, MD.) Online content including video sequences view-
able at: https://www. thieme-connect.com/products/
ejournals/html/ 10.1055/s-0040-1716456.

Patients who have simple clawing may benefit from a
static procedure. The idea behind such a procedure is to
simply place the MP joints into flexion so that the patient
may be able to extend the IP joints. These procedures do not
address asynchronous finger flexion and also do not con-
tribute to an increase in grip strength. Therefore, they may
be considered as “static” procedures. A distally based flap
of the volar plate of the MP joint as described by Zancolli is
advanced proximally and reattached to the metacarpal neck
either with the help of sutures or suture anchors. Another
simple procedure which was described by Bunnell is a partial
release of the A1 and A2 pulleys, which in effect causes bow-
stringing of the flexor tendons promoting MP joint flexion
and limiting their hyperextension.?*3°

Alternatively, the FDS may also be utilized to create a
static flexion moment arm as described by Zancolli, known
commonly as the “lasso” procedure. In low ulnar nerve pal-
sies, the FDS to the ring and small fingers is divided at its
insertion or just proximal to it. It is then passed either distal
to the A1 pulley or distal to both A1 and A2 pulleys and then
brought back and sewn to itself while maintaining the MP
joints in the intrinsic plus position of approximately 60 to 70
degrees of flexion (~Fig. 4A-C).>!

Technical tip: In some patients, the FDS to the small finger
may be absent or very gracile. In these situations, the ring-fin-
ger FDS may be split into two slips and one slip is rerouted to
the small finger to perform the lasso. In high ulnar nerve pal-
sies, the FDS of the ring and small fingers cannot be sacrificed
as the patients do not have a functioning FDP. Instead of the
ring- and small-finger FDS, the middle-finger FDS is utilized
to perform the lasso. The method of harvesting is similar, and
it is divided into two slips, each of which is then rerouted to
the ring and small fingers to perform the lasso.

Dynamic tendon transfers are utilized in complex clawing.
Not only do they provide dynamic correction by flexing the
MP joint and extending the IP joint, but they also can pro-
vide increased grip strength. Dynamic tendon transfers con-
sist of either utilizing the FDS or wrist extensor with tendon
grafts. The modified Stiles-Bunnell tendon transfer for claw-
ing involves sacrificing the long-finger FDS and splitting it in
four slips. Each of these slips is then passed along the path of
the lumbricals, volar to the deep transverse metacarpal lig-
ament, to insert along the lateral bands or into the proximal
phalanges.??3

Technical tip: In patients who have ligamentous laxity or
pre-existing hyperextension of the proximal IP (PIP) joint,
procedures that involve sacrificing the FDS and its subse-
quent insertion into the lateral band may not be suitable
as they may lead to hyperextension at the PIP joint. In such
patients with low ulnar nerve palsies, the middle-finger FDS
may be utilized to perform this transfer. In this situation it
is divided into two slips, one each for the ring and small fin-
gers. An alternative technique is to insert the slip of the FDS
into the proximal phalanx and not the lateral band to avoid
hyperextension at the PIP joint (~Fig. 5A-C).

Another dynamic tendon transfer consists of using the
ECRL** This needs to be augmented with tendon grafts.
The ECRL tendon is divided in its insertion. It is then passed
superficial to the extensor retinaculum. Tendon grafts are
harvested and sewn to the ECRL tendon. Through generous
openings which are made in the second and fourth interme-
tacarpal spaces, these tendon grafts are passed from dorsal to
volar along the course of the lumbricals to be inserted onto
the lateral bands in the digits.

Technical tip: The tendon grafts are passed first and sewn
on the radial side of the index finger and on the ulnar side
of the middle, ring, and small fingers. These grafts are then

i

Fig. 4 (A) A transverse incision is centered over the A1 pulley. (B) Method of detaching the FDS and passing it around the A1 pulley before
sewing it to itself. (C) The completed “lasso” procedure as described by Zancolli. (These images are provided courtesy of Hill Hastings I, MD.)

FDS, flexor digitorum superficialis.
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Fig. 5 (A) A modified Stiles-Bunnell transfer using the FDS of the middle finger. The tendon is split into slips that are passed along the lumbri-
cal canal, volar to the deep transverse metacarpal ligament, and inserted either into the (B) radial lateral band or (C) proximal phalanx. (These
images are provided courtesy of Hill Hastings Il, MD.) FDS, flexor digitorum superficialis.

Fig. 6 (A) Incisions utilized in performing a transfer of the ECRL with tendon grafts for dynamic correction of clawing. The transfers are
attached on the radial lateral bands of the middle, ring, and small fingers and the ulnar lateral band of the index finger. Alternatively, they are
inserted into the proximal phalanx. (B) The ECRL is divided at its insertion and then passed superficial to the extensor retinaculum. (C) The
grafts are sutured distally and then passed to emerge into the dorsal intermetacarpal wounds, where they are tensioned as described in the
text. (D) The completed appearance. In this case the grafts were inserted into the proximal phalanx and pullout sutures placed in the grafts
were tied over a button. (These images are provided courtesy of Hill Hastings Il, MD.) ECRL, extensor carpi radialis longus.

retrieved dorsally in the second and fourth intermetacarpal
spaces. The digital wounds are closed. The tendon grafts are
sewn to each other before sewing them altogether to the
ECRL (~Fig. 6A-D).

Setting tension: Tension is set, so as to allow complete
digital extension with the wrist extended. With mild wrist
flexion, the MP joints should flex fully while still allowing
complete IP extension.

Rehabilitation: In patients who undergo a Zancolli lasso,
postoperative splinting consists of a dorsal blocking splint
with the wrist at neutral, the MP joints flexed 60 degrees,
and the IP joints in complete extension. They are transitioned
to an Orthoplast splint of a similar nature on the fifth post-
operative day. Unlimited flexion is allowed. Attempted MP
joint extension is allowed only after 6 weeks. Strengthening
is also commenced at 6 weeks. Night splinting is continued
for a further 6 weeks.

In patients who undergo transfer of the ECRL, postop-
erative immobilization consists of a plaster splint with
the wrist extended 30 to 40 degrees and the fingers in
intrinsic plus position. Two weeks after surgery, they are
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transitioned to an Orthoplast splint with the wrist in 30
degrees of extension and the fingers in intrinsic plus posi-
tion. Gentle active flexion is commenced at this time. Six
weeks after surgery, patients are transitioned to an MP
extension blocking splint only. Strengthening is com-
menced at this time.

Functional gains: Restoration of key pinch appears to
confer a uniform functional improvement, irrespective
of the techniques used. In one study after FDS transfer
in 22 patients, grip strength was noted to improve from
30 to 71% of the contralateral side.>* In patients who under-
went the ECRB transfer, Smith noted doubling of pinch
strength from their preoperative status, in almost all the
patients in his study.?> Most patients with a simple claw
will have a successful correction of the claw after a Zancolli
lasso. However, a lasso procedure does not lead to strength
augmentation. Correction of asynchronous finger flexion
has been demonstrated to occur in 93% of patients after a
Stiles-Bunnell transfer. Grip strength improvement is best
noted after procedures using either the ECRL or ECRB as
motors.>6-38
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Median Nerve Injury

Complete high median nerve palsies result in a loss of the
palmar sensation, including the thumb, index finger, long
finger, and half of the ring finger, as well as paralysis of FDS,
FCR, PL, PT, FPL, PQ, the FDS of the index and long fingers,
and all of the thenar muscles (the abductor pollicis brevis
[APB], opponens pollicis, and the superficial head of the FPB.
Because the sensory loss on the palmar aspect of the radial
digits can directly impact hand function, some surgeons may
have reservations about performing tendon transfers in iso-
lation. Instead they may combine these with nerve transfers
to restore some sensation to the radial side of the hand.

Boatwright and Kiebzak studied the contribution of the
median nerve in abduction strength of the thumb. They
found that thenar muscle contribution to abduction strength
varies from 70 to 74%.° Therefore, the loss of thumb opposi-
tion is the most critical, as this deficit robs patients of a key
human technical ability to abduct the thumb. Restoration of
thumb opposition is achieved with an opponensplasty.

In low median nerve injuries, restoration of opposition
can be achieved by using the ring-finger FDS,*“! or the PL,
as these muscles retain their innervation in this situation.*

Technical tip: When performing an opponensplasty, ide-
ally the tendons that are transferred to the thumb approach
the thumb from the base of the hypothenar eminence, ensur-
ing the line of pull is in the direction of the pisiform, so as to
mimic true opposition rather than function as mere abduc-
tors. In low median nerve injuries or advanced carpal tun-
nel syndrome with thenar wasting, especially in the older
population, the Camitz opponensplasty is utilized. The PL is
used in this transfer. However, by itself the PL does not have
length to reach the insertion of the abductor on the base of
the proximal phalanx (P1) of the thumb. Therefore, the PL
with an extension of palmar fascia (usually ~2 cm in width)
is elevated carefully off the transverse carpal ligament and
the extension of the palmar fascia may be taken as far distal
as the distal palmar crease. Meticulous dissection is neces-
sary to ensure continuity of the palmar fascia with the PL. In
addition, great care is taken to avoid injury to the branches
of the median nerve as well as the superficial palmar arch
(=Fig. 7A-C). Meticulous hemostasis is critical while har-
vesting the palmar fascia to avoid a postoperative hematoma
from the extensive subdermal plexus in the palm. This trans-
fer behaves more as an abductorplasty rather than a true

opponensplasty, since the line of pull is more in the direction
of the forearm rather than the pisiform.

An alternative method is to utilize the FDS of the ring
finger. The FDS is harvested in the distal palm and withdrawn
at the wrist. The FCU is exposed and a strip of FCU is then
harvested but left attached to the pisiform. It is then sewn to
itself to create a loop. The FDS tendon is now passed through
this loop and subcutaneously directed across the palm and
attached to the base of the proximal phalanx of the thumb.
This creates a line of pull in the direction of the pisiform in
an effort to mimic a true opposition motion (=Fig. 8A-E and
=Video 5). It is the senior author’s (C.M.) preference to uti-
lize the Camitz opponensplasty in patients who are older and
have low median nerve dysfunction. Alternatively, the FDS
to the ring finger is utilized. Should either of these not be
available, the EIP is utilized by rerouting it around the ulnar
border of the hand.

Video 5

Active opposition after opponensplasty using an FDS
transfer through a loop of FCU. The line of pull of the
transfer is toward the pisiform, making for a better
opponensplasty rather than abductorplasty. FCU, flexor
carpi ulnaris; FDS, FDS, flexor digitorum superficialis.
Online content including video sequences viewable at:
https://www. thieme-connect.com/products/ejournals/
html/ 10.1055/s-0040-1716456.

In high median nerve injuries, in performing an oppon-
ensplasty, the EIP or the abductor digiti minimi, EDQ, ECU,
or ECRL may be used.**# In addition, in high median nerve
injuries, the FDP function to the index and long fingers can
be restored by transferring the BR, ECRL, or ECU to the FDP of
the index and long fingers. Alternatively, the FDP to the index
and long fingers may be sewn to the FDP of the ring and small
fingers to create a “mass effect” digital flexion. BR to FPL
remains a common tendon transfer to restore thumb flexion,
and this is most commonly performed concomitantly with
an ECRL to index and long FDP tendon transfer (~Fig. 9A-D).

Technical tip/setting tension: In the performance of a
Camitz opponensplasty, the transfer is sewn to the base of
P1 and the insertion of the APB with the thumb in maximal
abduction as the wrist is placed in neutral on the operating

Fig. 7 Camitz opponensplasty in a patient with advanced carpal tunnel syndrome. (A) Incisions and marked thenar atrophy. (B) The palmaris
longus is harvested with an extension of palmar fascia as shown, prior to distal division and elevation. (C) Position of thumb after transfer to
the base of the proximal phalanx. Note the line of pull is directed more toward the forearm, making this more of an abductorplasty rather than

a true opponensplasty.
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Fig. 8 (A) Opponensplasty in a patient with a Type 1 hypoplastic thumb and obvious thenar muscle absence. (B) The FDS tendon of the ring fin-
gerisisolated. (C) It is then rerouted through a loop formed with a distally based loop of half the FCU, and inserted on the APB to restore thumb
opposition. (D) Incisions utilized and clinical appearance at the end of surgery. (E) Postoperative follow-up shows excellent thumb opposition.
Active opposition may also be seen in =Video 5. APB, abductor pollicis brevis; FDS, flexor digitorum superficialis; FCU, flexor carpi ulnaris.

Fig. 9 (A) Setting tension in a patient undergoing ECRL to FDP of index and middle fingers in a patient with a high median nerve palsy, who
recovered thenar function after nerve grafting but had weak flexion of index and middle fingers and no function in the FPL. With wrist flexion,
the fingers extend in a natural cascade. (B) With the wrist extended, there is an excellent flexion cascade and thumb pinch to the index finger
tip. (C, D) Postoperative function showing excellent restoration of finger and thumb flexion. ECRL, extensor carpi radialis longus; FDP, flexor

digitorum profundus; FPL, flexor pollicis longus.

table. A similar strategy is also utilized in transferring the
FDS of the ring finger to the base of proximal phalanx of the
thumb.

In high median nerve palsy, the ECRL is transferred to the
FDP of the index and middle fingers and the BR is transferred
to the FPL. To restore opposition in this circumstance, it is
the senior author’s preference to utilize the EIP. The elbow
is placed in 90 degrees of flexion and the ECRL is sewn into
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the FDP of the index and middle fingers such that, with the
wrist extended 30 degrees, the profundii are tight enough
that the fingertips reach about a centimeter away from the
palmar skin. With the wrist flexed the finger should extend
practically fully. In addition, as the elbow is extended, fur-
ther augmentation of the tension in the transfer is noticeable.
When transferring the BR, a similar methodology is utilized.
The elbow is maintained in 90 degrees of flexion and tension
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is set in such a way that with the wrist at neutral and the
elbow flexed, it is possible for the tip of the thumb to oppose
the distal IP of the index finger to mimic generation of key
pinch. This is further augmented as the wrist is extended
and the elbow is extended, mimicking a very strong pinch
(=Fig. 9A-D). The EIP is harvested proximal to the extensor
hood at the MP joint and retrieved at the wrist, proximal to
the extensor retinaculum. It is then routed subcutaneously
around the ulnar border to the base of P1 of the thumb. The
thumb is placed in maximal abduction while setting tension.
The sequence of transfers is: ECRL-EIP-BR.

Rehabilitation: Postoperatively the patient’s upper limb
is immobilized in a short arm thumb spica cast (with the
IP joint free) for the Camitz and FDS ring-finger procedures,
for a period of 3 to 4 weeks. Patients are then transitioned
to an Orthoplast long opponens splint and the transfer is
re-trained under the supervision of a hand therapist. Six
weeks after surgery, the patient transitions to a night splint
only while doing strengthening during the daytime. Nine to
10 weeks after surgery, splinting is discontinued.

In the case of a high median nerve palsy, a long arm thumb
spica cast is used for 3 to 4 weeks, with the thumb and finger
tips included. The rest of the rehabilitation is similar to that
described above for a low median nerve palsy. In an effort
to ascertain the integrity of the tendon transfer and assure its
meticulous handling postoperatively, it is the practice of the
senior author (C.M.) to apply all postoperative casts for tendon
transfers, by himself.

Functional gains: When using the FDS to perform an
opponensplasty, up to 40% of thenar strength can be
restored.* When using the EIP for opponensplasty, one study
found good to excellent outcomes in 87% of patients. This
study quantified a good result as one in which the patient
was able to oppose the tip of the thumb to that of the index
and middle fingers and an excellent result as one in which
the patient could oppose the tip of the thumb to the ring or
the small finger.*® In patients who undergo a Camitz oppon-
ensplasty, Terrono and colleagues found a very high rate of
patient satisfaction in 94% of patients.*’

Rheumatoid Arthritis and Traumatic Rupture

Tendon transfers are also used to repair tendon ruptures
associated with rheumatoid arthritis (RA) secondary to teno-
synovitis, osteophyte, or spicule formation. In RA, the distal
radio-ulnar joint (DRU]J) is affected by synovial hypertrophy
and this in turn leads to DRU]J arthritis with bony spicule for-
mation as well as dorsal subluxation of the ulnar head, called
the “caput ulnae” syndrome. The combination of ulnar head
subluxation, synovitis, and bony spicules can cause attri-
tional rupture of digital extensor tendons, and the transfer of
tendons for reconstruction usually necessitates resection of
the ulnar head to prevent recurrent attritional rupture of the
transferred tendon.

The most common tendon to rupture in RA is FPL, which
is usually caused by bony spurs in the carpal tunnel, a con-
dition commonly referred to as “Mannerfelt syndrome.”
This ruptured FPL can be reconstructed by transferring the

FDS of the middle or the long finger.*® Attritional rupture of
extensor tendons, including EPL and finger extensors, also
occurs.® Finger extensor rupture in RA usually starts at the
small finger, and may progress radially to affect the ring,
long, and index fingers as well. When associated with sub-
luxation of the ulnar head or DRU]J arthritis, this is referred
to as the Vaughan-Jackson syndrome.>’ These are usually
reconstructed by transferring adjacent tendons, if possible
(~Fig. 10A-D).

Technical tip: When assessing tendon ruptures in RA, it is
critical to have a high index of suspicion for more ruptures
than may be clinically obvious. Surgical planning should take
into account the possibility of having to reconstruct more
tendons than those obviously clinically ruptured.

If three extensors are involved, then if possible we use
adjacent tendons for all of these. Alternatively, two tendons
may be reconstructed with transfers using adjacent tendons
and one tendon may also be reconstructed with a tendon
graft, usually sourced from either the PL or a toe extensor.
If all digital extensors are affected, then transferring either
the FCR and/or FDS of the middle finger may be required. In
most circumstances of tendon ruptures on the ulnar side of
the wrist in RA, there are degenerative changes in the DRUJ.
Hence, all tendon reconstructions are usually accompanied
by excision of the distal ulna.

Setting tension: The tendon transfers are set with tension
to allow nearly 50 to 60 degree MP flexion with the wrist
extended to 30 degrees. With the wrist being brought back to
neutral, the fingers should extend in a near-normal cascade
at the MP joints.

Rehabilitation: When tendon reconstructions and trans-
fers are performed for tendon ruptures in RA, the distal
ulna is usually excised. If the distal ulna is stabilized with
a tendon transfer, then the limb is immobilized postopera-
tively in supination in a long-arm cast with the elbow at 90
degrees of flexion. If the distal ulna does not require stabili-
zation with a tendon transfer, the limb is then immobilized
in a long-arm cast with the elbow at 90 degrees of flexion
and the forearm at neutral rotation. The wrist is maintained
in the cast in approximately 30 degrees of extension and
the MP joints are maintained at neutral extension. The IP
joints are left free. While in the cast, the patient is actively
encouraged to move the IP joints as much as possible. Three
weeks after surgery cast is discontinued, and the patient’s
upper limb is then immobilized in a forearm-based resting
Orthoplast splint with the wrist in 30 degrees of exten-
sion and the MP joints at neutral. The IP joints are left free.
Active and active assisted range of motion of the MP joints
is commenced. Wrist range of motion is also commenced.
Forearm rotation is also allowed. Six weeks after surgery,
splinting is discarded and gentle progressive strengthening is
commenced.

Isolated rupture of the EPL is also seen in patients with
undisplaced fractures of the distal radius. The EPL is usu-
ally reconstructed using EIP. It is the practice of the senior
author (C.M.) to use a “two-level” repair when transferring
the EIP to EPL. This affords an extremely strong repair and
allows commencement of early active rehabilitation within
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Fig. 10 (A) Clinical appearance in a patient with RA and extensor tendon ruptures to the small finger. (B) Intraoperatively, there was evidence
of a near complete rupture of the extensor to the ring finger as well. Therefore, the EDC of the ring finger was reconstructed by transferring
it to the intact EDC of the middle finger. The EIP was transferred to the EDC of the small finger. The distal ulna was excised. (C, D) Clinical
appearance 12 weeks after surgery. EDC, extensor digitorum communis; EIP, extensor indicis proprius.

Fig. 11 (A) Spontaneous rupture of the EPL in a patient with a crack fracture of the right distal radius. (B) Incisions utilized in transferring the
EIP to EPL. (C) The two-level repair of this transfer. A Pulvertaft weave is done distally and a side-to-side tenorrhaphy is done proximally. (D)
Clinical recovery of complete interphalangeal extension 12 weeks after surgery. EIP, extensor indicis proprius; EPL, extensor pollicis longus

2 weeks postoperatively (=Fig. 11A-D).>? Patients are sup-
ported in a long opponens splint for a further 3 weeks when
not performing their rehabilitative exercises. Six weeks after
surgery, splinting is discarded and a strengthening program
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is commenced.Finally, avulsion of a tendon at the level of
the musculotendinous junction is also well described and is
usually not amenable to primary repair.’ In such a situation,
where all digital extensors are involved, transferring the FCR
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Fig. 12 (A) In this case, a 51-year-old man suffered closed traumatic rupture of the extensor digitorum communis and EIP at the musculo-
tendinous junction after the patient’s glove on his nondominant left hand became caught in a high-speed drill. (B) This was repaired with an
FCR to EDC and EIP transfer. (C, D) Result at 10 weeks reveals a composite fist and excellent extension of all fingers. EDC, extensor digitorum

communis; EIP, extensor indicis proprius; FCR, flexor carpi radialis.

to the digital extensors provides a very reliable transfer with
a predictable outcome (=Fig. 12A-D). While situations like
this are extremely uncommon, the principles that guide ten-
don transfers in such a situation, setting of the tension of the
transfer as well as rehabilitation of the transfer, are essen-
tially similar to the principles applied in other circumstances
where digital extensors are not functioning.

Conclusion

In conclusion, tendon transfers in the upper extremity are a
powerful tool that had started with polio and expanded to
restore function to many patients with a variety of disease
etiologies. In our experience, results from tendon transfers are
usually excellent when replacing ruptured tendons or as an
alternative to tendon repair, good in the treatment of periph-
eral nerve palsies, and not always predictable in the treatment
of spastic disorders and spinal cord injury. When key princi-
ples are followed, outcomes from tendon transfers restore
critical functions and dramatically improve quality of life.
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