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SCIENTIFIC ARTICLE

Neurotization to Innervate theDeltoid andBiceps: 3 Cases

Christopher J. Dy, MD, MSPH, Alison Kitay, MD, Rohit Garg, MBBS, Lana Kang, MD,
Joseph H. Feinberg, MD, Scott W.Wolfe, MD

Purpose To describe our experience using direct muscle neurotization as a treatment adjunct
during delayed surgical reconstruction for traumatic denervation injuries.

Methods Three patients who had direct muscle neurotization were chosen from a consecutive
series of patients undergoing reconstruction for brachial plexus injuries. The cases are
presented in detail, including long-term clinical follow-up at 2, 5, and 10 years with
accompanying postoperative electrodiagnostic studies. Postoperative motor strength using
British Medical Research Council grading and active range of motion were retrospectively
extracted from the clinical charts.

Results Direct muscle neurotization was performed into the deltoid in 2 cases and into the
biceps in 1 case after delays of up to 10 months from injury. Two patients had recovery of
M4 strength, and the other patient had recovery of M3 strength. All 3 patients had evidence
on electrodiagnostic studies of at least partial muscle reinnervation after neurotization.

Conclusions Direct muscle neurotization has shown promising results in numerous basic science
investigations and a limited number of clinical cases. The current series provides additional
clinical and electrodiagnostic evidence that direct muscle neurotization can successfully provide
reinnervation, even after lengthy delays from injury to surgical treatment.

Clinical relevance Microsurgeons should consider direct muscle neurotization as a viable
adjunct treatment and part of a comprehensive reconstructive plan, especially for injuries
associated with avulsion of the distal nerve stump from its insertion into the muscle. (J Hand
Surg 2013;38A:237–240. Copyright © 2013 by the American Society for Surgery of the
Hand. All rights reserved.)
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CHRONIC PERIPHERAL NERVE injuries with avulsion
of the nerve from the muscle present a chal-
lenge to the microvascular surgeon. The pattern

f injury and posttraumatic scarring can preclude pre-
erred techniques such as direct nerve repair or nerve
rafting. In these situations, direct muscle neurotization
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DMN) has been sporadically used to attempt reinner-
ation of denervated muscle. The procedure, originally
escribed in the early 20th century by multiple investi-
ators,1–4 involves sectioning the healthy stump of
roximal nerve, dividing its fascicles, and inserting the
ascicles into the muscle belly.5 Basic science mod-

els6–13 have provided the neuroregenerative framework
for the procedure, but clinical results14–18 have had
conflicting results, and typically, DMN is offered as a
reconstructive option only as a last resort for patients
with denervated muscle.

Although DMN was first investigated in the acute
reconstructive setting,8 ongoing research has shown its
ffectiveness in delayed16,17 reconstructive surgery.
revious animal experiment has suggested that DMN
ight play a particularly important role as an alternative
o neurorrhaphy in the setting of prolonged denerva-
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238 NEUROTIZATION TO INNERVATE THE DELTOID AND BICEPS
tion.13 In the current series, we present our clinical and
electrodiagnostic results when using DMN as a targeted
treatment adjunct in 3 patients having surgical recon-
struction 4, 6, and 10 months after denervation injuries.

MATERIALS AND METHODS
We retrospectively reviewed the data of 64 consecutive
brachial plexus surgeries performed over a 12-year pe-
riod, after approval from our institutional review board.
All brachial plexus reconstructive surgeries were per-
formed by a single surgeon and evaluated at several
postoperative time points. Data were collected prospec-
tively using a web-based, password-protected clinical
research data entry application. Standardized data col-
lection forms were used for each visit (eg, patient de-
mographics, injury details, surgical details, motor and
sensory outcome, and electrodiagnostic studies). In
compliance with patient privacy regulations, security
features in the database enabled the de-identification of
patient health information.

Three patients were identified as having had DMN
for an otherwise unreconstructable nerve injury. Preop-
erative evaluations, preoperative plans, intraoperative
findings, and postoperative course at the latest fol-
low-up visit were reviewed. The outpatient medical
charts were reviewed for neurologic examinations, in-
cluding sensibility and muscle strength as graded by the
British Medical Research Council,19 follow-up electro-
diagnostic studies, and notable postoperative events
and/or complications. All neurologic examinations
were performed by the senior author (S.W.W.), a fel-
lowship-trained hand surgeon with extensive experi-
ence in microsurgical reconstruction. The patients in
cases 1 and 2 were specifically contacted to come for a
follow-up examination for research purposes.

In general, we use DMN when neurorrhaphy and
nerve transfer are not possible due to avulsion of the
injured nerve from muscle. A longitudinal slit is made
in the fascia of the target muscle. The proximal stump
of the nerve is embedded into the muscle belly. No
effort is made to fan out the fascicles of the nerve graft.
An 8-0 or 9-0 nylon suture is used to close the epimy-
sium and secure the nerve. Gentle range of motion of
the extremity is checked to ensure that the embedded
nerve is not under tension.

RESULTS

Case 1

An otherwise-healthy, 17-year-old, right-handed teen-
ager was involved in a head-to-head snowmobile colli-
sion and hospitalized at another institution. He sus-

tained multiple organ system trauma, including a right

JHS �Vol A, Fe
pneumothorax (treated with a right chest tube), closed
right scapula fracture, extra-articular distal radius and
distal ulna fractures, and intracranial and spinal cord
trauma. He was noted to have a flail and completely
insensate right upper extremity on admission, but he
developed return of sensation in his hand and some
early mobility before discharge. He presented to our
institution for evaluation of his peripheral nerve injury
after treatment had been deferred at the other hospital.

Initial examination revealed mild pupillary asymme-
try with right myosis and slight ptosis. Gross motor
testing showed absent (M0) motor function of the
deltoid, supraspinatus, infraspinatus, latissimus dorsi,
pectoralis major, biceps, brachioradialis, triceps, and
extensor carpi radialis longus. Sensory examination re-
vealed markedly diminished sensation to light touch
and 2-point discrimination in the C5-C6 distribution.
Electrodiagnostic studies performed 3 months after the
injury demonstrated a mixed cervical root and brachial
plexus injury involving all root levels and trunks. Spe-
cifically, there was denervation of the deltoid in the
form of 2� positive sharp waves and fibrillation poten-
tials with no motor units.

The patient had surgical exploration of the brachial
plexus 4 months after injury. The spinal accessory
nerve was transferred to the suprascapular nerve, and an
Oberlin procedure20 was performed, as planned. The
preoperative plan for the C5 root–to–axillary nerve
transfer was changed after dissection of the distal por-
tions of the plexus revealed the axillary nerve to be
completely avulsed from the deltoid muscle. Two cable
grafts from the C5 root were embedded into the anterior
deltoid using 9-0 nylon sutures. An 8-0 nylon suture
was used to close the epimysium and to secure the
nerves in place.

Physical examination 9 months after surgery re-
vealed M0 strength of the deltoid. Active shoulder
forward flexion was approximately 20°. Examination 5
years after surgery revealed active forward flexion of
more than 90° and active abduction to 80°, with appar-
ent function of all heads of the deltoid. Deltoid strength
was M3. Electrodiagnostic studies demonstrated partial
re-innervation of the deltoid, with moderate motor unit
recruitment, fibrillation potentials, and positive sharp
waves.

Case 2

An otherwise-healthy, 38-year-old construction worker
was struck on the head and right shoulder by a 1,360-kg
metal construction beam. The patient suffered a severe
right brachial plexus injury and a closed right proximal

humerus fracture. The humeral fracture healed unevent-
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NEUROTIZATION TO INNERVATE THE DELTOID AND BICEPS 239
fully after intramedullary nailing, and the patient was
referred to our institution for management of his bra-
chial plexus injury.

Three months after injury, there was an absence of
motor function (M0) in the deltoid, triceps, biceps,
brachioradialis, extensor carpi radialis longus, extensor
carpi radialis brevis, extensor pollicis longus, extensor
digitorum communis, pronator teres, flexor carpi radi-
alis, median flexor digitorum profundus, and flexor
pollicis longus. Sensibility to light touch was absent in
C5, C6, and C7 but slightly preserved in C8 and T1.
Subclavian artery pulse was palpable, but brachial, ra-
dial, and ulnar pulses were not appreciable on exami-
nation by a vascular surgeon. Electrodiagnostic studies
performed 4 months after the injury demonstrated total
denervation of the biceps in the form of 4� positive
sharp waves and 3� fibrillation potentials, with no
motor units. Sensory conduction in the lateral antebra-
chial cutaneous nerve was absent.

The patient had reconstruction 6 months after injury.
Intraoperative findings revealed complete disruption of
the proximal biceps muscle belly and the musculocuta-
neous nerve at its most distal insertion site into the
biceps, without a visible distal nerve segment, preclud-
ing the planned Oberlin procedure.20 A 15-cm portion
of sural nerve was grafted to a large branch of the intact
medial pectoral nerve, and this graft stump was embed-
ded into the biceps muscle belly in its midportion.

Biceps twitches were present on clinical examination
10 months after surgery. Elbow flexion against gravity
with detectable active biceps contraction and supination
was present 13 months after surgery. At 11 years after
surgery, the patient had M4 strength in the biceps, with
full active elbow flexion. Electrodiagnostic studies
showed full recruitment of the biceps, without further
denervation. There was no abnormal spontaneous elec-
trophysiological activity recorded.

Case 3

An otherwise-healthy, 29-year-old, right handed woman
injured her right shoulder in a motor vehicle colli-
sion. She was treated at another institution with
closed reduction and percutaneous pinning of her
proximal humerus fracture within 2 days of the ac-
cident, but she subsequently developed a nonunion.
She was referred to our center 10 months after the
injury for persistent shoulder pain, weakness, and
dysfunction.

Examination showed the anterior, middle, and pos-
terior portions of the right deltoid to be markedly atro-
phic and nonfunctional. The patient was able to actively

forward flex to 20° with pain and actively rotate 20°
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internally and externally with pain, but she was not able
to actively abduct her shoulder.

Radiographic images demonstrated a nonunion at the
surgical neck of the humerus. Electrodiagnostic studies
performed 10 months after the injury demonstrated a
complete axillary neuropathy involving the branch to
the anterior and middle deltoids and an incomplete
axillary neuropathy involving the branch to the poste-
rior deltoid (there were 2� positive sharp waves and
fibrillation potentials).

Following open reduction and internal fixation and
bone grafting of the surgical neck nonunion, the patient
was repositioned, and the radial nerve branches to the
triceps were dissected. The preoperative plan was to
transfer a radial nerve branch from the long head of the
triceps to the distal stump of the axillary nerve to the
anterior and middle deltoid. However, upon proximal
dissection to identify the branches of the axillary nerve,
the branch of the axillary nerve to the anterior and
middle deltoid was avulsed from the hub of the axillary
nerve in the quadrangular space. The distal nerve stump
to the anterior and middle deltoid was not identifiable.
In addition, the branch of the axillary nerve to the
posterior deltoid and a small posterior axillary cutane-
ous nerve were encased in dense scar.

Based on these findings, the surgical plan was
changed to use the posterior axillary cutaneous nerve as
a graft to span between the fascicles of the long head
triceps branch of the radial nerve to the anterior and
middle deltoid. The axillary nerve branch to the poste-
rior deltoid and the posterior axillary cutaneous nerve
were neurolysed. Direct stimulation of the branch of the
axillary nerve to the posterior head of the deltoid re-
sulted in a vigorous contraction. The posterior cutane-
ous nerve was divided, reversed, and sewn to the distal
end of the long head triceps branch. A longitudinal slit
was made in the fascia of the anteromedial deltoid, and
the distal stump of the nerve graft was embedded into
the muscle.

Five months after surgery, the patient’s shoulder
abduction increased to 90°, and she was able to perform
most activities of daily living. By 2 years, she was able
to actively abduct to 110° with M4 strength and to
elevate the arm overhead while lying supine.

Electrodiagnostic studies performed 8 months after
surgery demonstrated polyphasic motor unit potentials
with reduced motor unit recruitment, indicating regen-
erating motor units in the anterior and middle portions
of the deltoid. In addition, the absence of positive sharp
waves and fibrillation potentials in the posterior deltoid
suggested that the active denervation present in the

preoperative study was partially resolved.
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DISCUSSION
Traumatic nerve injuries continue to bear a guarded
prognosis. Although primary nerve repair is desirable,
the complex injury pattern often precludes immediate
surgical intervention. In specific injuries, avulsion of the
nerve at its insertion point at the muscle precludes
preferred techniques such as nerve repairs, transfers,
and grafting. Surgeons must be prepared to use alter-
native techniques in these challenging situations.

Direct muscle neurotization has shown promising
results in experimental animal models6–13,15 and in a
limited number of human cases.6,15–18 The principle of
DMN is based on 4 physiologic phenomena21: (1) stim-
ulation of axonal growth by neurotrophic factors, (2)
increased sensitization of denervated muscle for motor
axons, (3) formation of new motor end plates, and (4)
reinnervation of 2–3 muscle fibers by a single motor
axon (the “adoption” or “splitting” phenomena). Both
DMN and neurorrhaphy can independently increase the
number of muscle fibers,9,12 but these 2 mechanisms of
neurotization may work best when complementing each
other.10 Although DMN is not as efficient as nerve
grafting in the setting of acute reconstruction,12,22 ani-
mal models suggest that DMN may have a specific role
both as an adjunct to neurorrhaphy in the acute setting
and as a primary method of muscle renervation in the
chronic setting.10,13 Our series of 3 patients provides
promising clinical support that DMN can provide func-
tional recovery in humans and corroborates the reports
of other investigators.14–18 The clinical results in our
patients are substantiated by improvement on postoper-
ative electrodiagnostic studies. In case 3, the branch of
the axillary nerve to the posterior deltoid was intact, and
its recovery after neurolysis may have contributed sub-
stantially to the improvement in shoulder abduction at
final follow-up. However, postoperative electrodiag-
nostic studies revealed specific improvement in the
biceps (in case 2) and the anterior and middle heads of
the deltoid (in case 3), suggesting that DMN was suc-
cessful.

We recommend that a comprehensive approach
should be taken when treating nerve lesions associated
with complex injuries. Direct muscle neurotization
should not necessarily be viewed as a salvage treatment
but as a potent adjunctive treatment and part of a
comprehensive reconstructive plan, especially for inju-
ries associated with avulsion of the nerve from the
muscle. Although some reconstructive surgeons may
prefer tendon or muscle transfers if neurorrhaphy or
nerve transfer is not possible, DMN may be a useful
option to stimulate muscle recovery after prolonged

de-innervation that does not preclude subsequent use of
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these procedures. Our case series is an example of how
DMN can be used in concert with nerve transfers and
nerve grafts, even with delays from injury to recon-
struction of up to 10 months.
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