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Injuries to the brachial plexus are the worst of all peripheral nerve lesions 
because of the frequency of associated injury to the spinal cord and the com-
mon complication of severe pain. Two distinguished clinical scientists from 
the Mayo Clinic, Alexander Shin and Nicholas Pulos, have brought together 
outstanding workers in the field to create this important book Operative 
Brachial Plexus Surgery. Whilst there are powerful contributions from the 
Mayo team, the thoughts, wisdom and experience are international. It is an 
honour to be invited to write this foreword.

The book opens with impressive chapters that set a high standard for what 
follows. “Anatomy”, described from a surgical perspective, emphasises varia-
tion. “Mechanism of Injury” reminds us of the “skip” or double-level (or even 
multiple-level) lesion. A wide range of iatropathic injuries, occurring or 
inflicted during treatment, are considered. The “Biology of Nerve Injury” 
chapter challenges our current concepts. There are thorough chapters on epi-
demiology and on associated concomitant injuries. All these inform, all 
enlighten.

The next part of four chapters is a bridge between fundamental aspects and 
their application to treatment. These chapters are wide in scope and they pro-
vide clear conclusions and advice. “Evaluation” draws together diagnosis by 
clinical, electrophysiological and imaging examination. “Determinants of 
Treatment” sets out indications and contraindications to operation. “Priorities 
of Treatment and Rationale” gives a balanced and reflective appreciation of 
the principles guiding treatment planning.

“Treatment Options” is a monumental piece. In it, nerve grafting and 
transfer are rightly considered as complementary methods. There is, through-
out the whole chapter, a welcome emphasis on elbow extension. Free func-
tioning muscle transfer is discussed by experts. The essential role of 
musculotendinous transfer and arthrodesis is thoroughly considered. 
“Surgical Approaches” provides a clear and comprehensive guide to opera-
tive exposure.

The application of these options and possibilities is set out in “Management 
of Specific Injury Patterns”, considering first the partial upper lesions, then 
the total and the C8-T1 lesions. The last two of these take us inexorably to the 
seemingly insoluble problem of the restoration of hand function, which is 
analysed in two extensive chapters, “Restoration of Hand Function in Pan 
Plexus Injuries” and “Sensory Reinnervation in Pan Plexus Injuries”. Both of 
these contain much good matter.
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The essential, central challenge of rehabilitation is reviewed in the last 
three chapters: “Management of Neuropathic Pain”; “The Role of Amputation 
and Prosthetic Fitting”; “The Role of Therapy”. These are well set out, infor-
mative, and provide a great deal of guidance and advice, which is clearly 
derived from a considerable and wide experience.

Alas, so often initial high hopes must be tempered by further experience. 
The inability to understand the lesion was a major obstacle to repair efforts in 
the 1950s. George Bonney introduced and proved the concept of pre- and 
post-ganglionic injury, defined the natural history, and developed methods of 
diagnosis. His demonstration, with Roger Gilliatt (1958), of persisting con-
duction in preganglionic lesion led to so much subsequent work, and it 
seemed to open the path to effective repair. From 1962, 41 repairs were per-
formed at St Mary’s Hospital. Results were so bad that these operations were 
abandoned! They restarted in 1975, inspired by the example of Algimantas 
Narakas, who contributed so much to the field of with brachial plexus 
injuries.

Rehabilitation of patients after these often-catastrophic injuries requires 
an accurate diagnosis, and so prognosis, followed by urgent intervention to 
improve that prognosis. For many, pain will obtrude throughout the process. 
This book will guide aspirants and will inform those already established in 
this arduous field of work.

London, United Kingdom Rolfe Birch
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Brachial plexus injury in the newborn is an extremely complex condition. It 
is difficult to assess the extent of the injury, to predict the potential for recov-
ery, to know which methods of treatment will predictably improve outcomes 
over the natural history, and to determine when to intervene. The neurological 
and biological effects on a growing musculoskeletal system make this injury 
in children even more burdensome.

Reports in the literature are most often not “pure” in that the outcomes are 
the result of interventions at multiple levels and with multiple techniques. 
Teasing out the details of when to do what for a condition that you cannot 
easily image, in an infant that cannot cooperate, and in which results require 
long-term follow-up, has been the challenge.

The pediatric part of Operative Brachial Plexus Surgery is a masterful 
compilation of what has been learned, presented in a cohesive and under-
standable manner by experts in this field. It is not simply a rehash of what has 
been published before.

The chapter “Historical Perspectives” details the early attempts to treat 
birth-related brachial plexus injuries. These occurred often in women with 
“rickety” pelves, a common condition in places where there was little sun-
light and inadequate vitamin D in the diet. Public health measures to supple-
ment milk with vitamin D and provide it to school children played a major 
role in eliminating this risk factor. Today’s risk factor and public health chal-
lenge is obesity.

The chapter on the biology of brachial plexus injuries in children brings us 
to a new level of understanding of the differences between the adult and 
infant. What we had thought were contractures due to mechanical forces are 
now being explained at a molecular level. Prevention of some of the second-
ary changes to the growing limb is a goal that may someday be realized.

Details of the surgical care of each level of nerve injury are presented 
clearly and strategies are thoughtfully presented. The international perspec-
tive on the management of the child greatly enhances this section. Late com-
plications and procedures to rebalance the shoulder are also outlined.

Although this is a textbook on the surgical management of these devastat-
ing injuries, we must always remind ourselves that these have occurred in 
“children,” and not just “cases.” Surgeons are part of the team that must 
address the psychosocial components of the child who is growing into matu-
rity with a limb difference. Deformity, physical impairment, bullying, and 
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altered lifetime expectations are often more important to our patients than the 
sometimes meager results we attain from our surgery. We, as surgeons, are 
privileged to be able to offer this comprehensive care.

Dallas, TX, USA Marybeth Ezaki
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The field of peripheral nerve surgery and brachial plexus has grown so large 
in the past two decades that relegating it to a single chapter in a larger text-
book of hand, microvascular, plastics, or neurosurgery is no longer adequate. 
While daunting to compile a definitive surgical reference for those managing 
brachial plexus injuries, our mentors fomented in us a passion of education 
and learning which inspired the creation of this textbook. To this end, experts 
in the disciplines of orthopedic surgery, plastic surgery, and neurosurgery 
from over 40 different institutions across 16 countries were invited to share 
their knowledge of brachial plexus.

As a first edition, we were free of the biases associated with prior editions 
but risked the incorporation of our own biases. We were delighted and amazed 
by the broad latitude the contributors took with their topic and how their 
approach balanced any potential bias. The result is a textbook of chapters 
written in the voice of authors who are true experts in not only in brachial 
plexus surgery, but leaders in the fields of biology of nerve injuries, neurodi-
agnostic testing, radiographic imaging, therapy, nerve transfers, and free 
functioning muscles.

We recognize the sacrifice and accomplishments of the pioneers of bra-
chial plexus surgery, who mentored and taught our mentors. It is upon the 
shoulders of these giants and the cumulative knowledge they advanced that 
we humbly introduce the first edition of Operative Brachial Plexus Surgery.

Rochester, MN, USA Alexander Y. Shin
  Nicholas Pulos  
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Adult Brachial Plexus Injuries: 
A Historical Perspective

Johnny Chuieng-Yi Lu 
and David Chwei-Chin Chuang

The history of brachial plexus injury (BPI) recon-
struction has evolved over the nineteenth and 
twentieth centuries and has had a dramatic 
change in attitude from pessimism to optimism in 
the twenty-first century. This change started from 
recognizing brachial plexus as the source of palsy 
in the upper limb (such as infraclavicular BPI 
after reduction of shoulder dislocation, birth bra-
chial plexus palsy due to improper neonatal 
delivery, and adult BPI due to traction injury) to 
significantly improve the surgical outcomes 
through advances in diagnosis and microsurgical 
nerve repair techniques. We divide the evolution 
to different “Periods” to detail the changes.

 History Background

 “Period of Recognizing” Brachial 
Plexus Injury: Before 1900

Galen (A.D.130–200), a Roman scholar, 
described nerve transection could result in motor 
and sensory lesions in the literature [1, 2]. During 
the next two millennia, brachial plexus was 
viewed only as a part of the peripheral nervous 
system. Smellie (1764) [3] described partial bra-
chial plexus palsy in a newborn. Flaubert (1827) 

[4] and Duplay and Reclus (1895) [5] attributed 
neurovascular damages to sudden onset of trac-
tion with great force, such as axillary artery and 
the adjacent nerve tearing. Delbert (1910) [6] 
documented infraclavicular BPI associated with 
shoulder subluxation and noted favorable return 
of function even when no exploration or nerve 
surgery was performed. The mainstay of the 
nineteenth century recognized upper limb paraly-
sis is an injury to the brachial plexus, and it is not 
the previously believed multiple isolated lesions 
of the terminal branches. Duchenne (1872) [7] 
described four children with upper brachial 
plexus lesion caused by forceful delivery of the 
shoulder and coined the term obstetric brachial 
plexus palsy (OBPP). Erb (1876) [8] recognized 
adult palsies of the shoulder and elbow injuries 
involving the C5 and C6 spinal nerves, with the 
same characteristics described by Duchenne. 
Thus, the term Erb-Duchenne palsy implies 
upper plexus palsy. Klumpke (1885) [9], a female 
medical intern, attributed palsies of the hand and 
forearm with associated Horner’s sign to injuries 
to the C8 and T1 roots. The term Klumpke palsy 
is now synonymous with lower plexus palsy. 
Neurologists Duval and Guillain [10] (1898) fur-
ther calculated the angle of spinal root emergence 
and demonstrated how forceful sudden stretch on 
the shoulder results in tearing of the upper roots. 
During this period, surgical treatment for nerve 
injuries was still in an exploratory and experi-
mental state. Although Laugier (1864) [11] 
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described successful nerve repair using suture 
technique, and shortly thereafter Phillipeaux and 
Vulpian (1870) [12], as well as Albert (1885) [13] 
experimented with nerve grafts in peripheral 
nerve gaps, none were used for brachial plexus 
injury.

 “Period of Pessimism” for Clinical 
Brachial Plexus Injury Repair: Before 
Microscope Assistance (1964)

Unsatisfactory results for brachial plexus surgery 
in the early twentieth century brought forth pes-
simism. William Thorborne (1900) [14], a British 
surgeon, published the results of surgically 
repairing a brachial plexus lesion in a 16-year-old 
girl with flail arm. He was able to identify the 
level of injury distal to the suprascapular nerve, 
which was different from root avulsions, and he 
excised the neuroma while reportedly “second-
arily suturing the two stumps directly without 
tension.” At 4 years after surgery, the girl demon-
strated good elbow and wrist flexion, but no 
shoulder or hand functions. This was considered 
the first documented attempt of surgically repair-
ing a brachial plexus injury. Attention then shifted 
to repair in birth-related brachial plexus injuries. 
Kennedy (1903) [15] attempted surgical repair in 
C5 and C6 roots with birth-related injuries, while 
Taylor (1920) [16] expanded surgery from the 
pediatric population to the adults. In addition to 
excising the neuroma and attempting to suture 
the defect directly, the concept of shoulder immo-
bilization was introduced to relieve tension on 
the sutured nerves. Unfortunately, documentation 
of the outcomes is absent and would most likely 
have been unfavorable. As seen in Sever’s series 
(1925) [17] of 1100 obstetric patients, the author 
concluded no distinguishable benefits from sur-
gery compared to nonoperative management. 
The common pessimism shared among surgeons 
was the realization that surgical exploration did 
not elucidate the true extent of the nerve injury. 
Most surgeons during this period preferred a wait 
and see attitude for BPI, even with the increase in 
major injuries suffered from the Second World 
War. If patients presented with avulsion of the 

surgical roots was suspected, or chronic nerve 
injuries, observation would be favored. 
Procedures such as Steindler’s elbow flexorplasty 
(1918) [18] were more popular for their immedi-
ate effect and predictable results, which led to the 
development of other palliative techniques: pec-
toralis major muscle transfer by Clark (1946) 
[19] and Seddon (1949) [20, 21] or amputations 
for concomitant neurovascular injuries of the bra-
chial plexus [22]. However, the Second World 
War brought back renewed interest in brachial 
plexus injuries with major BPI. With the increased 
prevalence of open, penetrating injuries from bul-
let and stab wounds, Davis (1947) [23] published 
a series of open and closed injuries to the brachial 
plexus. The authors recommended early explora-
tion, neurolysis to free nerves from adjacent 
scars, and nerve grafts when end-to-end stump 
reapproximation was not possible. It is interest-
ing to see the current principles of nerve repair/
reconstruction recognized at such an early time 
[24]. In this period, the fundamentals of the mod-
ern science of nerve surgery appeared from two 
major contributors: Seddon and Sunderland’s 
classification of the degree of nerve injury. The 
revolution in peripheral nerve surgery was initi-
ated by Dr. Herbert Seddon (1943) [25], a British 
orthopedic surgeon, famed for his description of 
the three levels of nerve injury: neuropraxia (dis-
ruption injury of the endoneurium), axonotmesis 
(disruption injury of the mesoneurium), and neu-
rotmesis (disruption injury of the epineurium). 
Dr. Sydney Sunderland (1968) [26], an Australian 
surgical anatomist, classified nerve injuries into 
five degrees. Sunderland expanded Seddon’s 
axonotmesis concept into two separate degrees of 
injury (Sunderland 2 and 3, which means partial 
and incomplete injury) and also expanded neu-
rotmesis into two more degrees (Sunderland 4 
and 5, lesion in continuity and complete nerve 
division). The classification of nerve injury gave 
a rationale for the timing of nerve reconstruction. 
Meanwhile, notable tools such as cervical 
myelography [27], electromyography [28], and 
histamine test [29] were used to differentiate pre-
ganglionic from postganglionic injuries and 
improved preoperative diagnosis and planning. 
Seddon’s experience in peripheral nerve injuries 
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expanded from direct nerve repair to the use of 
autogenous nerve grafting (1947–1961) [30–33], 
and he cited unfavorable outcomes in BPI.  At 
that time, discouraging results were reported by 
Barnes (1949) [34], Nulsen and Slade (1956) 
[35], Tracy and Brannon (1958) [36], and Bonney 
(1959) [24]. At the Paris meeting of the 
International Society for Orthopedic Surgery and 
Traumatology in1966, they concluded that surgi-
cal repair of brachial plexus lesions could not 
guarantee effective and predictable results [37]. 
This was a dismal time to become a brachial 
plexus surgeon.

 “Period of Improvement (I)” by 
Microscopy Application (1964–1999)

The introduction of microscopy was in 1964. 
Seddon’s speech in 1963 [32] at the Royal 
College of Surgeons argued against the mentality 
of always trying to primarily repair nerve gaps by 
mobilizing the nerve ends and keeping joint 
flexed, sometimes even beyond the “critical 
resection length” of the nerve leading to exces-

sive tension. Millesi (1967–1988) [38–41] 
applied microsurgical technique to nerve dissec-
tion and interfascicular nerve grafting to improve 
outcomes. In his works, he particularly advocated 
for (1) differentiation of normal and pathological 
tissue with intraneural neurolysis, (2) interfas-
cicular nerve graft for fascicular approximation 
(fascicular repair) with minimal manipulation, 
and (3) tensionless repair (Fig. 1.1). Millesi rec-
ognized that the poor establishment of circulation 
in the large graft can result from ischemic change 
in the center of the graft. Narakas (1969) [43] 
confirmed Millesi’s work on interfascicular nerve 
grafting as his clinical outcomes were found sat-
isfying even when dealing with extensive soft tis-
sue loss. Rather than using a single thick nerve 
graft at the nerve root level of the brachial plexus, 
several nerve grafts (cable grafts) were needed to 
extend each fascicle of the root to the targets. 
Deburge (1967) [44], Lusskin and Campbell 
(1973) [45], Allieu (1977) [46], Narakas (1981) 
[47], Alnot (1987) [48], Millesi (1988) [49], and 
Terzis (1999) [50] published their large series of 
brachial plexus injury patients reconstructed with 
neurolysis, nerve transfer, nerve grafting, and 
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suture line increases 
with 2–3% gap of the 
whole length of the 
injured nerve. (From 
Berger and Millesi [42])
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muscle transfers all with the employment of 
modern microsurgical techniques. Satisfactory 
results were reported in cases with penetrating or 
lacerating injuries. Improvement in nerve graft-
ing was attributed to the blood supply in the 
grafts. By use of cabled grafts, vascular ingrowth 
was possible with the smaller individual strands 
in comparison to a single large diameter graft. 
When the recipient bed has inadequate blood 
supply, or the nerve gap is large, pedicled [51] 
and free vascularized nerve grafts [52] were 
introduced. In addition, when the proximal root 
was avulsed, or when the lower cervical roots 
were involved, nerve transfer using extraplexus 
or intraplexus donors became the next popular 
trend [53–55].

The introduction of microscopy in microneu-
rosurgical and microvascular techniques, 
increased knowledge of brachial plexus anatomy 
(macro- and microanatomy) [56–59], advance of 
imaging and electrodiagnostic studies, improved 
techniques in nerve grafting, more donor nerves 
available for nerve transfer, introduction of func-
tioning free muscle transplantation, advance-
ments in palliative reconstruction, and increased 
understanding of rehabilitation and long-term 
follow-up have significantly improved the out-
comes of brachial plexus reconstruction and 
brought forth unforeseen optimism.

 “Period of Improvement (II)” by Nerve 
Transfer and Free Functioning Muscle 
Transplantation Application, 2000–
Till Now

Neurotization is a surgical technique by transfer-
ring healthy and functional nerves to reinnervate 
denervated sensory or motor nerves or target of 
skin or muscle in the central or peripheral nerve 
lesions. Narakas (1988) [55] described five pos-
sible types of neurotization: cutaneocutaneous 
neurotization (healthy skin reinnervates the 
neighboring denervated skin), musculomuscular 
neurotization (healthy muscle reinnervates the 
neighboring denervated muscle), neuromuscular 
neurotization (functional nerve implants to a 
denervated muscle), neurocutaneous neurotiza-

tion (functional nerve implants to the dermis of 
the skin), and neuroneural (motor or sensory 
nerve coaptation) neurotization. When “nerve 
transfer” is termed, it is actually a neuroneural 
neurotization, a procedure requiring division of a 
healthy donor nerve and coaptation to a dener-
vated recipient nerve.

 Revolution in Nerve Transfer

Credit should be given to Harris and Low (1903) 
[60], who first proposed suturing the distal stump 
of the damaged spinal nerve to healthy contigu-
ous nerve (Fig. 1.2). This concept laid the foun-
dation for the technique of nerve transfer, where 
adjacent healthy nerves can be sacrificed to serve 
as donors for injured stumps of more important 
recipient nerves. In a patient with avulsed 5thand 
6th cervical nerves, Tuttle (1913) [61]used the 
anterior terminal branch of the 4th cervical nerve 
and sutured the donor to half of the distal stump 
of the upper trunk. Elbow flexion was shown to 
improve, although with little shoulder recovery. 
Vulpius and Stoffel (1920) [62] rerouted branches 
to the pectoralis muscle for transfer to ruptured 
musculocutaneous nerve and axillary nerves. The 
German surgeon Foerster (1929) [63], who oper-
ated on many war-related brachial plexus inju-
ries, described transferring nerves of the 
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Fig. 1.2 The earliest description of nerve transfer. (From 
Harris and Low [60])
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latissimus dorsi or subscapularis to ruptured axil-
lary nerve and nerve of serratus anterior to the 
musculocutaneous nerve. Chiasserini (1934) [64] 
initiated the use of intercostal nerve transfer in 
paraplegics. Lurje (1948) [65] applied nerve 
transfer to upper division of the upper trunk in 
effort to restore deltoid and biceps function. With 
information gathered from 100 cadavers, he cited 
phrenic nerve, long thoracic nerve, medial pecto-
ral nerve, lateral pectoral nerve, anterior rami of 
radial nerve, and subscapularis nerve as common 
donor nerves for nerve transfer. This was the first 
paper to describe transfer of branch to the triceps 
to the axillary nerve.

With increasing success on the management 
of brachial plexus injury, the recognition that 
upper roots are more prone to rupture and lower 
roots are more likely to be avulsed further 
ascended the popularity of nerve transfer. At that 
time, popular donor nerves in nerve transfer 
included intercostal nerve [66–69], spinal acces-
sory nerve [70], phrenic nerve [71], and contra-
lateral C7 [72]. Target nerves would be the 
suprascapular nerve, the musculocutaneous 
nerve, axillary nerve, median or ulnar nerves, 
even at more proximal level the upper trunk, the 
posterior cord, and occasionally the lateral or 
medial cords. Even with complete limb paralysis, 
contemporary techniques and experiences 
brought forth progress, which was never seen 
before.

Gu (1991) [72] was the first to present the use 
of the contralateral C7 (CC7) root (spinal nerve) 
as a rich source of axons to innervate the affected 
side nerve(s). The surgery proposed used a two- 
staged pedicled vascularized ulnar graft applica-
tion to avoid central necrosis in a non-vascularized 
trunk graft. Gilbert (1992) [73] used the contra-
lateral medial pectoral nerve of the healthy side 
as a donor nerve to innervate the musculocutane-
ous nerve on the affected side using a sural nerve 
graft as a bridge. Chuang (1993) [74] modified 
the CC7 technique by using a one-stage free vas-
cularized ulnar nerve graft to bridge the gap 
between the contralateral C7 and the median 
nerve of the affected side as a one-stage proce-
dure, or followed with functioning free muscle 

transplantation as a two-stage procedure for total 
root avulsion reconstruction.

Narakas (1988) [75] recognized that distal 
nerve transfer would only be of benefit if the site 
of reconstruction was closer to the target muscle. 
Oberlin (1994) [76] (Fig. 1.3) described transfer-
ring 10% of the ulnar nerve at the upper arm to 
the motor nerve of the biceps for elbow flexion. 
In four cases, he reported no significant impair-
ment of the hand. Using a similar technique but 
applying a nerve stimulator to preserve fascicles 
to the intrinsics of the hand, Leechavengvongs 
(1998) [77] reconfirmed the technique with high 
success rate and reliability: 31 of 32 patients with 
biceps muscle power of M3 or more and no sub-
jective deficit in sensation or grip strength. In 
order to maximize elbow flexion recovery, 
Mackinnon et  al. (2000–2008) [78–80] specifi-
cally delineated the expendable fascicles that 
innervated the flexor carpi radialis, flexor digito-
rum superficialis, palmaris longus of the median 
nerve, and the FCU of the ulnar nerve as possible 
donors in double fascicular transfer for elbow 
flexion (Fig.  1.4). Applying the same concept 
would be the transfer of the branch to the long 
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Fig. 1.3 Distal nerve transfer of a branch of the ulnar 
nerve to biceps branch of the musculocutaneous nerve for 
elbow flexion. (From Oberlin et al. [76])
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head of the triceps [81], or the medial head of the 
triceps to the target axillary nerve for deltoid 
reinnervation [82]and the anterior interosseous 
nerve to the deep motor branch of the ulnar nerve 
for hand intrinsics reinnervation [82].

 Functioning Free Muscle 
Transplantation (FFMT)

The management of total brachial plexus palsy 
underwent drastic changes over the past (twenti-
eth) century. Seddon (1961) [33] abandoned 
reconstructive operations in favor of amputation 
and arthrodesis in such circumstances. Meanwhile, 
Narakas (1978) [53] laid out the functional priori-
ties of the upper limb where (1) elbow joint con-
trol was upmost priority, followed by (2) wrist and 
finger flexion with median nerve sensation, (3) 
shoulder function, (4) wrist and finger extension, 
and (5) intrinsic hand and ulnar sensation. While 
elbow and shoulder function were reconstructed 
with extraplexus nerve transfer, the goals of 
restoring wrist and finger flexion and hand sensa-
tion were often abandoned. With the advancement 
of microsurgery, nerve transfer, and FFMT 
(Manktelow 1978 [83], Ikuta 1979 [84], Doi 1991 
[85], Chuang 1996 [86]), attention shifted to 
restoring finger movement and hand sensation in 
total root avulsion patients. Nerve transfer and 
FFMT became the most reliable options.

FFMT is the transfer of a fresh muscle utiliz-
ing microvascular anastomoses for revasculariza-
tion and subsequent microneural coaptation to 
the recipient motor nerve for muscle reinnerva-
tion. The use of FFMT in brachial plexus recon-
struction is actually an example of the application 
of nerve transfer technique, and it has been shown 
to be effective and thus gained increased 
popularity.

Doi (1991) [85] described using free or pedi-
cled latissimus dorsi muscle transfer to obtain 
elbow and finger flexion simultaneously, so- 
called one muscle for two functions. He would 
later publish the double FFMT technique that 
they have established as a protocol for complete 
root avulsions (1995) [87] (Fig. 1.5). He further 
added additional procedures such as nerve trans-
fer for shoulder function, elbow extension, and 
hand sensation to improve the results (2000) [88].

Gracilis myocutaneous FFMT is the most fre-
quently used donor muscle in brachial plexus 
reconstruction, in which the overlying skin flap is 
used for monitoring. The commonly used extra-
plexus donor nerves include the spinal accessory 
nerve, intercostal nerves, phrenic nerve with 
nerve graft elongation, and contralateral C7 with 
vascularized ulnar nerve graft elongation. The 
intraplexus donor nerves include part of the ulnar, 
part of the median nerve, or more proximally the 
infraclavicular or suprascapular nerve which 
requires nerve elongation in a two-stage proce-
dure [89, 90].

At the end of the twentieth century and begin-
ning of the twenty-first century, we saw the 
advances in three fields that changed the para-
digms in brachial plexus injury: (1) intra- and 
extraplexus nerve transfers, or called proximal 
nerve transfers by using intraplexus nearby 
nerves or extraplexus donor nerves such as 
phrenic nerve, deep cervical motor branches, 
hypoglossal nerve, spinal accessory nerve, inter-
costal nerves, and contralateral C7 spinal nerve; 
(2) distal nerve transfers by using ulnar, median, 
or radial nerves as donor nerves; and (3) free 
functioning muscle transplantation. Attempts to 
reconstruct hand function in total root avulsions 
of the brachial plexus become more available and 
effective. In early or acute BPI, people  recognized 
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Fig. 1.4 Double fascicular transfer to the musculocuta-
neous nerve for elbow flexion. (From Mackinnon et  al. 
[79])
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that timing of nerve transfer is a crucial factor in 
achieving successful results. In chronic BPI, 
nerve elongation first, followed by FFMT, is also 
an effective strategy for reconstruction.

Important milestones in the development of 
brachial plexus management are listed in 
Table 1.1.

 Perspectives on the Future of BPI 
Reconstructive Microsurgery

The senior author, Chuang, had been trained by 
Terzis in 1984, Millesi in 1987, Narakas in 1987, 
and Kondo (Tsuyama group) in 1988 for periph-
eral nerve reconstruction. Till now he himself has 
performed more than 2000 cases of adult and 
pediatric brachial plexus exploration and recon-
struction and more than 1000 cases of FFMT for 
different purposes. The senior author was con-
tinuously selected as the chapter author to edit 
the title of “Brachial Plexus Injuries” in the 
Textbook of “Plastic Surgery” (2nd edition 2006 
[95], 3rd edition 2013 [96], and 4th edition 2018 
[97]). The authors would like to make the follow-
ing one proposal and few comments for the future 
of BPI reconstruction.

c
d

e

f

g

ba

a

b
c

d

ef

g

a b

Fig. 1.5 Double muscle transplantation for total root 
avulsion reconstruction. (a) FFMT to restore elbow flex-
ion and finger extension innervated by accesory nerve. (b) 

FFMT to restore finger flexion innervated by intercostal 
nerves. (From Doi et al. [87])

Table 1.1 Important milestones in the development of 
brachial plexus management

Main 
author Period

Ref. 
No. Message

Erb 1876 [8] Recognition of C5/C6 root 
injuries for shoulder and 
elbow palsies

Klumpke 1885 [9] Recognition of lower 
trunk or C8/T1 root 
injuries

Thorborne 1900 [14] First to publish in detail 
the results of a surgically 
repaired brachial plexus 
lesion in a patient

Harris & 
Low

1903 [60] First reported nerve 
transfer concept at root 
level for brachial plexus 
injury

Tuttle 1913 [61] Transfer of nerves from 
cervical plexus to distal 
5th, 6th roots

Seddon 1943 [25] Classification of the three 
levels of peripheral nerve 
injuries

Seddon 1947 [30] Description of autogenous 
grafts in nerve gaps

Sunderland 1951 [26] Expanded the 
classification of nerve 
injury to 5 degrees

Millesi 1967 [40] Introduction of 
microsurgery to nerve 
grafting

(continued)
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 One Proposal

 Level of Brachial Plexus Injury

Various classifications of the level of BPI have 
been proposed without general consensus for unifi-
cation [93, 96, 97]. The senior author has proposed 
that the classification is better expressed with the 
numbers, “Levels I to IV,” rather than word descrip-
tions [96, 97] (Figs. 1.6 and 1.7). The new classifi-
cation is based on intraoperative findings and 
procedures, easily and quickly being understood:

• Level I: Injury inside the bone (vertebral 
bone), similar to the term preganglionic root 
injury which includes spinal cord, rootlet, and 
root injuries. Laminectomy and bone removal 
should be performed if the surgeon wants to 
visualize the underlying nerve structures.

• Level II: Injury inside the muscle (scalene 
anterior muscle), similar to the term postgan-
glionic spinal nerve injury. Segmental resec-

tion of the scalene anterior muscle should be 
performed if the surgeon wants to visualize 
the underlying spinal nerves.

• Level III: Injury located pre- and retrocla-
vicularly, including trunk and division 
injury. Osteotomy of the clavicle or eleva-
tion of the clavicle by connection of the 
supra- and infraclavicular fossa should be 
performed to facilitate nerve exploration and 
reconstruction.

• Level IV: The injury is infraclavicular, includ-
ing cords and terminal branches. It usually 
encounters difficult dissection and requires 
long nerve grafts in closed BPI.

The new classification is simple and can facil-
itate the communication.

1234

Fig. 1.6 New classification of level of brachial plexus 
injury: Level I, lesions inside the bone; Level II, lesions 
inside the muscle; Level III, lesions pre- and retrocla-
vicular; Level IV, lesions infraclavicular. (From 
Chuang [97])

I
II III

IV

Fig. 1.7 New classification of level of brachial plexus 
injury in MRI. The MRI shows that the lesion is located 
in level III

Main 
author Period

Ref. 
No. Message

Berger & 
Millesi

1978 [91] Emphasis on tension in 
nerve repair and the need 
for nerve grafting

Ikuta 1979 [84] Use of free muscle graft 
for brachial plexus injury

Narakas 1985 [92, 
104]

Neuroneural intraplexus 
transfer at root level

Terzis 1987 [52] Vascularized nerve grafts
Gu 1989 [72] Use of contralateral 

healthy C7 root for nerve 
transfer

Oberlin 1994 [76] Distal nerve transfer of a 
branch of the ulnar nerve 
to biceps branch of the 
musculocutaneous nerve 
for elbow flexion

Doi 1995 [87] Double FFMT transfer in 
total root avulsion

Bertelli 2011 [93] T1 hand concept
Mackinnon 2005 [79] Double fascicular transfer 

for elbow flexion
Chuang 2012 [94] Multiple nerve transfers 

for total root avulsion as a 
one-stage reconstruction

Table 1.1 (continued)
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 Comments on Two Major Debates

“Once debates, always debates” seems quite often 
in science researches. In the past three decades, 
there exist two major debates in the management 
of early and primary adult BPI. Which is the first 
choice for surgical treatment: (1) in total root 
avulsion, multiple nerve transfers vs. FFMTs? 
and (2) in incomplete BPI, proximal nerve grafts/
transfers vs. distal nerve transfers?

 In Total Root Avulsion BPI, Which Is 
the Treatment of Choice: Multiple 
Nerve Transfers or Free Functioning 
Muscle Transplantations?

Doi’s (1991–2013) [85, 87, 88, 98] double FFMT 
across the elbow with a below-elbow pulley for 
hand reconstruction illustrates the “distal to 
 proximal” in reconstruction priority, which means 
hand first and then elbow and shoulder. This is 
different from the traditional “proximal to distal” 
in reconstruction priority, in which elbow and 
shoulder are first and the hand is the last. The 
senior author (2012–2018) [89, 90, 94–97] advo-
cates the use of multiple incisions for multiple 
nerve transfers (Fig.  1.8). In total root avulsion 
injury, Chuang advocates (1) CC7 transfer to the 
median nerve for finger and wrist flexion and fin-
ger sensation, (2) intercostal nerve transfer to the 
musculocutaneous nerve for elbow flexion, (3) 
phrenic nerve/deep cervical motor branch/hypo-

glossal nerve transfer to the distal C5 for shoulder 
function, and (4) preservation of the spinal acces-
sory nerve for secondary enhancement. If the 
injury is C5 rupture and C6-T1 four root avulsion, 
then the C5, if the stump is healthy, will replace 
CC7 to the median nerve. If there is associated rib 
fracture with suspicious intercostal nerve injury, 
CC7 transfer contralaterally or healthy C5 ipsilat-
erally will transfer to musculocutaneous and 
median nerve two nerves together. FFMT is used 
predominantly as an adjuvant palliative recon-
struction to enhance results in the later stage.

Advantages and disadvantages of multiple 
nerve transfers vs. FFMT in the acute BPI are 
shown in Table 1.2. Traditional strategy with mul-
tiple nerve transfers to obtain shoulder, elbow, and 
hand function is preferred by the authors.

 In Incomplete Root Avulsion BPI, 
Which Is the Treatment of Choice: 
Proximal Nerve Grafts/Transfers or 
Distal Nerve Transfers?

Nerve transfer can be broadly separated into two 
categories: proximal nerve grafts and/or transfers 
and distal nerve transfers [99]. Definition of 
proximal and distal nerve transfers is based on 
(1) distance (from the nerve coaptation site to the 
neuromuscular junction), (2) scar encountered in 
dissection, and (3) whether or not the recipient 
nerve has nerve branching out distally [100] 
(Table 1.3).

1
2

3

4

5

6
7

Fig. 1.8 Multiple incision lines for different purposes: 
(1) for supraclavicular brachial plexus exploration; (2) for 
infraclavicular brachial plexus exploration; (3) for inter-
costal nerve dissection; (4) for contralateral C7 dissection; 

(5) for hypoglossal nerve dissection; (6) for Oberlin or 
Mackinnon method of nerve transfer; (7) for vascularized 
ulnar nerve harvest
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Table 1.2 Advantages and disadvantages of multiple 
nerve transfers vs. FFMTs in the acute BPI

Multiple nerve 
transfers FFMTs

Philosophy Traditional 
strategy
Proximal-to- 
distal in 
reconstruction 
priority

New strategy
Distal-to-proximal 
in reconstruction 
priority

Reconstructive 
strategy

Multiple nerve 
transfers as a 
one-stage 
procedure
FFMT, an 
adjuvant 
procedure to 
back up the 
results

Two FFMTs are 
essential
Nerve transfers 
are adjuvant for 
shoulder and 
elbow extension 
and shoulder 
stability

Brachial plexus 
exploration

Yes Maybe not

Nerve 
reconstruction
For shoulder
For elbow
For finger

Yes (by NT) for 
shoulder 
elevation
Yes (by NT) for 
elbow flexion
Yes (by NT) for 
finger flexion

Shoulder fusion 
(or adjuvant by 
nerve transfer)
Need FFMT for 
elbow flexion 
(adjuvant by nerve 
transfer for elbow 
extension)
Need FFMTs for 
finger flexion and 
extension

Stage 
requirement for 
full 
reconstruction

Can be one stage Always multiple 
stages

Rehabilitation 
period

Longer (at least 
4 years)

2 years

Patient selection Should be highly 
motivated, 
patient, and 
intelligent 
patient

Can be less 
intelligent and 
impatient patient

Predict 
outcomes
Shoulder 
elevation
Elbow flexion
Finger flexion
Finger 
extension 
(EDC)

Better (≥60°)
Usually better 
(M4)
M2–4
M0

Shoulder fusion 
(10–30°)
M3–4
M2–4
M2–3

Finger sensation Finger-like 
sensation, except 
5th finger

Bizarre sensation 
(by ICN transfer)

NT nerve transfer, FFMT free functioning muscle trans-
plantation, ICN intercostal nerve

Table 1.3 Advantages and disadvantages of proximal 
nerve grafts/transfers vs. distal nerve transfer in adult 
acute BPI

Proximal nerve 
grafts/transfers

Distal nerve 
transfers

Philosophy Traditional 
strategy

New strategy

Donor nerve Intraplexus 
nerves, 
extraplexus 
(nearby) nerves
Far from the 
target muscles

The donor nerve 
close to the target 
muscle

Definition
  Distancea

  Scar 
encountered

  Target nerve 
with 
branching

  Nerve graft 
required

Proximal nerve 
transfer
Longer (usually 
>10 cm)
Yes
Yes
Usually yes

Distal nerve 
transfer
Shorter (usually 
<5 cm)
No
No (direct to the 
muscle without 
branching)
No

Advantages Diagnosis and 
treatment
Mother nerves, 
more axons and 
power
Nerve cut, less 
functional deficits
Avoid 
unnecessary distal 
nerve transfer
Check C5C6C7 
stumps 
(especially C5)
More options for 
shoulder 
reconstruction

Dissection in the 
healthy tissue, no 
scars, easy 
dissection
Nerve-cut stump: 
healthy
Direct nerve 
coaptation 
without nerve 
graft
Shorter operation 
time
Short 
rehabilitation 
time, faster 
recovery

Disadvantages Operative site: 
more scars, 
difficult dissection, 
easy bleeding
May have stump 
unhealthy, 
unpredictable
Usually require 
nerve grafts
Longer operation 
time
Longer 
rehabilitation 
period, need 
patience

No diagnosis
Risk to have 
iatrogenic injury, 
miss the powerful 
proximal nerve 
sources
Risk of donor 
nerve cut causing 
some sequelae
May need 
multiple incisions

Indication All kinds of 
avulsion/rupture 
injury of brachial 
plexus injury

Not global BPI
Intrinsic palsy of 
the hand

aDistance from the nerve coaptation to the neuromuscular 
junction

J. C.-Y. Lu and D. C.-C. Chuang
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Proximal nerve graft/transfer is a traditional 
way that requires brachial plexus exploration to 
confirm the diagnosis. Diagnostic exploration is 
essential and especially true for ruptured C5 roots 
mistakenly presumed as root avulsion. Distal 
nerve transfer is a new strategy of reconstruction; 
it may or may not involve exploration of the bra-
chial plexus. The superiority and which strategy is 
the best are yet to be investigated. However, in the 
last three decades, a major shift away from the 
traditional proximal nerve grafts/transfers to the 
more popular distal nerve transfers has occurred. 
Distal nerve transfer surgery has become part of 
the standard armamentarium offered to the BPI or 
high-level peripheral nerve injuries.

The senior author would like to make com-
ments for this debate: (1) Proximal nerve grafts/
transfers are still the main reconstructive proce-
dure based on the principle of “no diagnosis, no 
treatment.” Proximal nerve grafts/transfers allow 
intraoperative diagnosis as well as surgical inter-
vention. This is especially true on C5, which is 
ruptured but the preoperative impression of avul-
sion (2). Distal nerve transfer provides only sur-
gical intervention. It should not be applied in 
situations when proximal nerve graft/transfer is 
indicated. This is true in any peripheral nerve 
injury and reconstruction [101] (3). Proximal 
nerve graft/transfer requires less brain plasticity 
and allows easy spontaneous recovery without 
specific induction of exercise training (4). 
Proximal nerve transfer can avoid iatrogenic 
injury to the powerful proximal nerves (5). 
Proximal nerve graft/transfer can be applied in 
both complete and incomplete BPI.

However, disadvantages of proximal nerve 
graft/transfer include as follows: (1) Dense scars 
with difficult dissection will be encountered. 
Oozing and bleeding will be very often which 
requires diathermy carefully (2). Longer opera-
tion time is always required (3). The health of 
proximal ruptured stump is sometimes unpredict-
able, even when accessed microscopically (4). 
Interposition of nerve grafts is always required, 
which can jeopardize functional recovery (5). 
Longer rehabilitation time is necessary.

As such, the authors would like to make the 
following comments: Proximal nerve graft/trans-

fer offers more accurate diagnosis and proper 
treatment to restore shoulder and elbow functions 
simultaneously. Distal nerve transfers can offer 
more efficient elbow flexion. Combining both 
strategies in primary nerve reconstruction when 
there is no healthy or insufficient donor nerve 
available is the authors’ preferred choice.

Advantages and disadvantages of proximal 
nerve graft/transfer vs. distal nerve transfer for 
the incomplete BPI in the acute stage is shown in 
Table 1.3.

 Uncertainty and Questions 
with Need of Future Investigation

The following subjects are still full of uncertainty 
with no universal acceptance in clinical applica-
tion, although they have been proposed in the 
past:

 1. Tissue engineering of nerve conduit (nerve 
tube) for the nerve gap

 2. Nerve allograft with immunosuppressant 
medication

 3. New nerve growth factor or stem cell applica-
tion to improve regeneration

 4. End-to-side neurorrhaphy [91, 102]
 5. Spinal cord implantation of avulsed ventral 

roots [92]
 6. Spinal cord injury and reconstruction
 7. Sympathetic trunk injury and reconstruction
 8. Intractable nerve shooting pain treatment (by 

encouraging medication or surgical 
approach?)

 9. Others such as: How to differentiate motor/
sensory fascicles in a mixed nerve intraopera-
tively? How to improve motor function of a 
FFMT? Will sensory axon input or motor 
axon input on the long nerve graft enhance the 
outcomes? Will supermicrosurgery or nano-
surgery new technology improve the future 
nerve reconstruction?

Further investigation from research is war-
ranted for clinical realization. These uncertain-
ties may be resolved by new materials, new 
device, or new instruments, better researches, 
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and innovative ideas in the future. As we have 
witnessed from the history of brachial plexus 
injury and reconstruction, change comes for opti-
mism and the striving for better outcomes. 
Anything is possible.

 Conclusion

Philosophy of Bunnell [103] “for a patient who 
has nothing, a little is a lot” should be always 
kept in mind when approaching brachial plexus 
injuries. Reconstruction of a completely para-
lyzed limb is no longer impossible, but 
achievable.
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 Supraclavicular Brachial Plexus 
and Collateral Branches

 Surgical Anatomy

The brachial plexus contains between 85,000 and 
160,000 nerve fibers (average of 120,000) that 
are distributed through the upper limb. The motor 
fibers represent one third of these and sensory 
fibers the other two thirds. According to Bonnel 
data, 40% of these motor fibers are intended for 
innervation of the shoulder girdle [1]. The bra-
chial plexus, according to the classical form, con-
sists of the ventral primary ramus of the last four 
cervical nerves (C5-C6-C7-C8) and the first tho-
racic (T1) [2–4] (Fig. 2.1). The roots of the C5 to 
C7 nerves emerge above the vertebral bodies of 
the same number, while C8 and T1 leave below 
the vertebral bodies C7 and T1.

From their origin in the ventral rami of C5, 
C6, C7, C8, and T1 nerves, they mix to form the 
upper trunk (C5–C6), the middle trunk (C7), and 
lower trunk (C8 and T1). Each trunk gives rise to 
two divisions, anterior and posterior. The three 
posterior divisions form the posterior cord, the 
anterior division of the upper and middle trunks 
forms the lateral cord, and the anterior division 
of the lower trunk forms, itself, the medial cord. 
The lateral cord branches into the musculocuta-
neous nerve and lateral root of the median nerve; 
the medial cord divides into the medial root of 
the median nerve and the ulnar nerve. The poste-
rior cord bifurcates into the axillary and radial 
nerves.

 Roots, Spinal Nerve, and Branches

The spinal nerves have their origin from the spi-
nal cord, leave the vertebral canal through the 
intervertebral foramen or neural foramen, and are 
distributed by specific sensory and motor territo-
ries. They have well-differentiated areas:

• The roots connect to the spinal nerve with the 
spinal cord. The dorsal root, i.e., sensory, 
emanates from the posterolateral sulcus of the 
spinal cord, originating from the posterior 
horn; it is larger (4–10 rootlets) and has an 
ovoid ganglion, the spinal ganglion or dorsal 
root ganglion, that is located in the middle 
area of the intervertebral foramen, containing 

M. Llusá 
Hospital Vall d’Hebron, Brachial Plexus  
and Peripheral Nerve, Barcelona, Spain 

M. R. Morro
Department of Human Anatomy and Embriology, 
Faculty of Medicine, University of Barcelona, 
Barcelona, Spain

J. Casañas 
Department of Traumaunit, Brachial Plexus and 
Peripheral Nerve, Hospital Teknon, Barcelona, Spain

A. M. Moore (*) 
Department of Plastic and Reconstructive Surgery, 
The Ohio State University, Columbus, OH, USA

2

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69517-0_2&domain=pdf
https://doi.org/10.1007/978-3-030-69517-0_2#DOI


20

the cell bodies of the sensory neurons. The 
ventral motor root is smaller (4–8 rootlets) 
and leaves the anterolateral sulcus of the 
 spinal cord where its cellular body is located 
in the anterior horn (Fig. 2.2) [4].

• The spinal nerve is mixed containing motor 
and sensory fibers. It is formed by the union of 
four to eight ventral and dorsal rootlets that 
converge in the infundibulum of the dural sac; 
this takes place at the level of the midportion 
of neural foramen (see Fig. 2.2). The common 
trunk of the nerve is very short and rests in the 
costotransverse process between the ventral 
and dorsal tubercles of the cervical vertebrae 
[5]. The spinal nerve almost immediately 
divides into as follows:

Fig. 2.1 Scheme of the brachial plexus and its collateral 
and terminal branches. Green: ventral ramus of the spinal 
nerve C5 to T1 and upper, middle and lower trunk. Red: 
anterior divisions of the trunks. Pink: posterior divisions 

of the trunks. Yellow: lateral and medial cords. Cream: 
posterior cord. Brown: terminal branches. White: collat-
eral branches. [With permissions from Editorial Medica 
Panamericana]

Fig. 2.2 Transverse section of the spinal cord and the 
roots that form the spinal nerve. 1 anterior rootlets, 2 pos-
terior rootlets, 3 nerve ganglion, 4 spinal nerve, 5 verte-
bral artery. [With permissions from Editorial Medica 
Panamericana]
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• The dorsal branch of the spinal nerve, i.e., dor-
sal primary ramus, runs posteriorly to inner-
vate the paraspinal muscles and the skin of the 
back of the trunk (see Fig. 2.2). It is of dorsal 
embryological origin.

• The ventral branch of the spinal nerve, i.e., 
ventral primary ramus, retains the segmental 
character at the level of the thoracic region, 
but the fibers from the rest of the trunk inter-
sect, divide, and interconnect to form the plex-
uses in the cervical and lumbosacral region. 
As the spinal nerves pass through the interver-
tebral foramen, their enveloping dura gradu-
ally turns into epineurium [6].

• Before the development of the plexuses, the 
ventral branches of C8 and T1 give two small 
nerve twigs: the white communicating branch, 
which joins it to the sympathetic ganglia, and 
the sinuvertebral nerve that, at the expense of 
a recurrent path, is reintroduced into the verte-
bral canal, innervating the meninges, verte-
brae, and intervertebral discs (meningeal 
branches) [7].

From these origins, the axons of the roots of 
the plexus intersect, divide, and rejoin to give us 
the classic structure of the brachial plexus (see 
Fig. 2.1). The fibers that constitute the plexus are 
successively referred to as trunks (lower, middle, 
and upper), divisions (anterior and posterior), 
cords (lateral, medial, and posterior), terminal 
nerves, and collateral branches [8].

 Trunks and Divisions

The trunks are named in the craniocaudal order 
as upper, middle, and lower trunks. According to 
the classic description, the upper trunk is formed 
by the “anastomosis” or union [1] of the anterior 
branches of C5 and C6, the middle trunk is con-
stituted by C7, and the inferior one is formed by 
the union of the anterior branches of C8 and T1 
(Fig. 2.3). These trunks will be subsequently split 
into an anterior and a posterior division (Fig. 2.4) 
[9], which has functional importance. They rep-
resent the separation of the fibers destined to 
innervate the ventral flexor muscles and those 

destined to innervate the extensor dorsal muscles. 
The union of the mentioned branches of the divi-
sions will give rise to the cords.

Fig. 2.3 Supraclavicular brachial plexus. White: anterior 
branches of the spinal nerve C5, C6, C7, C8 and T1. 
Yellow: upper, middle and lower trunk. Red: subclavian 
artery and posterior scapular artery

Fig. 2.4 Lateral view of a right supraclavicular brachial 
plexus. White: anterior branches of the spinal nerves C5, 
C6, C7, C8 and T1. Yellow: upper, middle and lower 
trunks. Orange: posterior divisions of the trunks and for-
mation of the posterior cord. Red: axillary artery. Left yel-
low Lateral and medial cords
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The direction of the spinal nerves C5 and C6 
is descending, forming the upper trunk just at the 
outer edge of the interscalenic hiatus, at “Erb 
point” (Figs. 2.5 and 2.6) [10], about 3 cm above 
the clavicle. The direction of the spinal nerve C7 
is horizontal, and it is located just at the medial 
edge of the anterior scalene. It will continue 
imperceptibly forming the middle trunk, located 
on the lateral border of the middle scalene mus-
cle. C8 and T1 have an upward direction to join at 
the inner edge of the costal neck, just behind the 
insertion of the anterior scalene, forming the 
lower trunk, before leaving the interscalenic 
space (see Fig.  2.3). These roots and the lower 
trunk have more complicated relationships 
behind the subclavian artery and the pulmonary 
vertex, just above the Sibson fascia (which 
extends from the transverse process of C7 to the 

apex of the pleural dome) [11]. This detail helps 
us understand the reason for the posterior 
approach to the brachial plexus in cases of lesions 
or tumors of the lower roots. From the morpho-
functional point of view, it is interesting to recog-
nize that the C7 and C8 roots are the ones with 
the greatest size, C5 and T1 the smallest, and 
C6  in an intermediate situation; C7 is the root 
that carries the largest motor fiber quota. Of the 
trunks, the medial one has the lowest caliber 
since it is only formed by C7. The lower trunk 
mainly has fibers that will go to the anterior divi-
sion, which will lead to the innervation of the 
intrinsic muscles of the hand. Its contribution to 
the posterior division is very small [12].

The trunks are located in the omoclavicular 
triangle, covered by the middle fascia of the neck 

Fig. 2.5 Posterior cervical triangle and supraclavicular 
triangle (omoclavicular triangle) with their superficial 
anatomical structures and relationships. 1 ECLM, 2 trape-
zius, 3 omohyoid, 4 Erb´s neural point and superficial cer-
vical plexus, 5 external jugular vein, 6  omohyoid fascia or 
middle  cervical  fascia, 7 superficial transverse cervical 
vessels, 8 clavicle. [With permissions from Editorial 
Medica Panamericana]

Fig. 2.6 Posterior cervical triangle and supraclavicular 
triangle (omoclavicular triangle) with their deep anatomi-
cal structures and relationships. 1 ECLM, 2 trapezius 3 
omohyoid muscle, 4 upper trunk of brachial  plexus, 5 
anterior division of upper trunk, 6 posterior division of 
upper trunk, 7 suprascapular nerve, 8 communicating 
branch of upper trunk to the phrenic nerve, 9 superficial 
transverse cervical artery. [With permissions from 
Editorial Medica Panamericana]
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that goes from the lower belly of the omohyoid to 
the clavicle [13]. At this level they are crossed by 
the supraclavicular nerves of the superficial cer-
vical plexus. The external jugular vein runs in 
this same plane obliquely from the sternocleido-
mastoid to end at the lower angle between this 
muscle and the clavicle, where a fibrous rein-
forcement is formed around it called the falci-
form fold (see Fig. 2.5). The superficial transverse 
cervical artery and veins cross over the upper and 
middle trunks to supply the external area of   the 
trapezius muscle, where it is located closely with 
the underlying spinal accessory nerve (XI cranial 
nerve), helping with its identification as a refer-
ence point (or hindering it in case of bleeding) 
(see Fig. 2.6). It is possible to confuse this artery 
with another one, of greater size, located more 
deeply called the posterior scapular artery or also 
known as the deep transverse cervical artery. This 
artery travels between the middle and upper 
trunk, or between the middle and lower trunk, 
and surrounds the edge of the middle and dorsal 
scalenes to branch along the dorsum of the scap-
ula. It is also necessary to mention small muscu-
lar branches to the scalenous, which, although 
inconsistent in presence, is important to keep in 
mind when dissecting in this narrow area. Injury 
can cause bleeding due to avulsion from the main 
arterial trunk, especially when there is associated 
fibrosis or scarring. This artery is found ascend-
ing just behind the posterior aspect of the anterior 
scalene muscle, primarily supplying the middle 
and anterior scalene.

The three trunks descend to converge in the 
costoclavicular space where they branch into 
their divisions. At the point proximal to the con-
cavity of the clavicle, the suprascapular artery 
crosses the divisions. The divisions will be 
located on the first muscular division of the ante-
rior serratus muscle forming the cords [12].

 Cords and Terminal Branches

The cords are named according to the relation-
ship they present with the axillary artery, behind 
the pectoralis minor muscle. The lateral cord is 

formed by the union of the anterior divisions of 
the upper and middle trunks. The medial cord is 
formed by the anterior division of the lower 
trunk. The posterior cord is formed by the union 
of the posterior divisions of the three primary 
trunks (Figs. 2.7 and 2.8). The terminal branches 
emerge from the cords; from the lateral cord are 
the musculocutaneous nerve and the lateral root 

Fig. 2.7 General view of the supraclavicular and infra-
clavicular brachial plexus. Anatomical landmarks: omo-
hyoid muscle, sectioned and retracted posteriorly, in the 
supraclavicular area; and pectoralis minor muscle and its 
tendon insertion in the coracoid process, in the infracla-
vicular area. [With permissions from Editorial Medica 
Panamericana]

Fig. 2.8 Dissection of the infraclavicular brachial plexus. 
Pectoralis minor tendon sectioned and retracted distally to 
show the cords (orange vessel loops) and the terminal 
branches (white vessel loops). Axillary artery in red vessel 
loop. 1 lateral cord, 2 medial cord, 3 posterior cord, 4 axil-
lary artery, 5 median nerve, 6 ulnar nerve, 7 musculocuta-
neous nerve, 8 radial nerve, 9 axillary nerve
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or lateral cord contribution to the median nerve. 
The medial cord gives rise to the medial root or 
medial cord contribution to the median nerve, the 
ulnar nerve, and the medial cutaneous nerve of 
the arm and medial cutaneous nerve of the fore-
arm. The division of the lateral and medial cord 
into their terminal branches forms a figure of 
“M” over the axillary artery (Fig. 2.9). The poste-
rior cord gives rise to the radial and axillary 
nerves [14].

 Collateral Branches

Within the structural variability of the brachial 
plexus, the terminal and collateral branches are 
consistent. The terminal branches are intended to 
innervate the free part of the upper limb and the 
collaterals to innervate the scapular and periscap-
ular musculature [13].

The collateral branches of the supraclavicular 
brachial plexus intended to innervate the muscles 
of the shoulder girdle or proximal part of the 
upper extremity are nerves for the deep 
 musculature of the neck, subclavian nerve, supra-
scapular nerve, dorsal nerve of the scapula, and 
long thoracic nerve.

 Types of Brachial Plexus

While the mapping of the posterior plane is gen-
erally simple and constant, that of the anterior 
plane is variable and complex because of the 
presence of a transition root (C7), whose contin-
gent is distributed variably in the lateral and 
medial cords. According to Seddon [15] and 
Bonnel [16], among others, three types of plex-
uses are distinguished according to this transi-
tional root.

Type A (classic) is found in 66% of cases. It is 
one in which all of the previous quota of C7 is 
destined to the lateral cord. In this case, the ulnar 
nerve cannot receive fibers from this root.

In type B, 24% of the cases observed, the C7 
quota is destined for the medial cord, the ulnar 
nerve receiving part of these fibers.

In type C, 10% of the cases, the quota of C7 
converges both in the lateral and medial cords, 
being able to distinguish two subtypes: C1, in 
which the point of union with the medial cord is 
above the origin of the ulnar nerve and, therefore, 
C7 participates in its constitution, and the sub-
type C2  in which the fusion occurs below such 
origin and, therefore, the ulnar nerve will not 
receive input from C7.

An unusual anatomical variation consists in 
the formation of the lateral and medial cord 
directly from the anterior divisions of the nerve 
trunks C5, C6, C7, C8, and T1, without prior for-
mation of the upper, middle, and lower trunk.

The posterior cord, which is formed by the 
posterior divisions of the upper, middle, and 
lower trunks, presents variations in which fre-
quently the posterior division of the upper and 
middle trunk forms a common cord that will then 
join with the posterior division of the lower trunk. 
Less frequently is the opposite: first the posterior 
division of the middle and lower trunk is joined 
and then that common cord with the posterior 
division of the upper trunk. The confluence of the 
three divisions at the same point is infrequent, 
even though it is usually described in all the text-
books [17–20]. The posterior divisions of the 
upper and middle trunks are larger than the previ-
ous divisions. In 10% of cases, there may be no 
posterior division of the lower trunk.

Fig. 2.9 Lateral and medial cords and their terminal 
branches, at the lateral border of the pectoralis minor mus-
cle. 1 axillary artery, 2 axillary vein, 3 lateral cord, 4 mus-
culocutaneous nerve, 5 lateral root of median nerve, 6 
medial cord, 7 medial root of the median nerve , 8 ulnar 
nerve, 9 medial cutaneous nerve of the arm and medial 
cutaneous nerve of the forearm, 10 radial nerve, 11 
median nerve, 12 tendon of insertion of the latissimus 
dorsi muscle
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The existence of these multiple forms shows 
us the theoretical value of a unique anatomical 
description, although it is essential to perform it 
as a reference point for a subsequent clinical and 
surgical approach to the brachial plexus [21]. The 
introduction of perioperative electrodiagnostic 
records currently provides a great help in the 
knowledge of the nervous distribution in each 
particular patient [22], and maybe in the future, 
high-definition MRI or ultrasonography could 
also be useful [23].

Seddon [15] has defined two limit varieties of 
plexuses, based on the participation of the adja-
cent roots that constitute it (C4 and T2):

• The pre-fixed plexus, which is formed from 
the roots C4-C5-C6-C7-C8 and T1. It can 
exist in 60% of cases and coexist with the 
presence of a cervical rib or a hypertrophic 
transverse process. The posterior divisions 
of the upper and middle trunk have a simi-
lar diameter, but that of the lower trunk is 
smaller because it receives little or no T1 
fiber.

• The post-fixed plexus, formed by C5-C6-C7- 
C8-T1-T2. It can exist in 15% of cases. In this 
case the contribution of C5 is smaller, with 
fewer fibers.

After the division of the primary trunks, the 
separation of the plexus into two planes is always 
constant:

• An anterior plane, formed by the two lateral 
and medial cords and their terminal branches, 
essentially intended for the flexor muscles of 
the upper limb.

• A posterior plane, formed by the posterior 
cord, which will give rise to the terminal 
branches that will innervate the extensor 
muscles.

The most frequent variations are found at the 
level of the cords, from small changes in their 
constitution to great anatomical variations as 
medial and lateral cords united in a single trunk. 
Kerr referenced 6% of anomalies in the forma-
tion of the entire path of the brachial plexus [24].

 Morphology and Anatomical 
Relationships

From a morphological point of view, it should be 
noted that the plexus has a triangular shape with 
a broad origin, in a line that extends from the 
upper edge of the fifth cervical vertebra to the 
lower edge of the first thoracic. The apex of this 
triangular sheet ends in a very narrow area, the 
costoclavicular space, where the cords give rise 
to the terminal branches, already in the infracla-
vicular region.

In a general view, its shape is similar to a tri-
angle, extending from the paravertebral line to 
the bottom of the axillary cavity (Fig. 2.10), or 
two triangles connected by their vertices at the 
costoclavicular space [12].

Inside this triangular area, the ventral primary 
ramus and trunks have a different obliqueness; the 
upper cervical branches have a descendent direc-
tion, the last cervical branch is almost horizontal, 
while the first thoracic branch is oblique upward.

These nervous structures have relationships 
with the anatomical regions to which they 
belong and that we can categorize into three 
areas: at the level of the intervertebral foramina 
and vertebral canal, at the level of the neck or 
supraclavicular region, and in the axilla or infra-
clavicular area [12].

Fig. 2.10 General view of the supraclavicular and infra-
clavicular brachial plexus after clavicle resection. White: 
anterior branches of the spinal nerves C5, C6, C7, C8 and 
T1. Yellow: upper, middle and lower trunk. Orange:  pos-
terior divisions and posterior cord. Left yellow: terminal 
branches. Pectotalis minor muscles
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Inside the intervertebral foramen and resting 
on the transverse process, we find the roots. Each 
root exits the canal on the upper face of the cervi-
cal transverse process or corresponding trans-
verse canal, running between the short 
intervertebral muscles and in relation to the ver-
tebral artery [25]. This is located inside the costo-
vertebral foramen and from the sixth cervical 
vertebra to the axis. The vertebral artery is out-
side this foramen in front of the seventh cervical 
vertebra. The lower ventral primary rami (C8 and 
T1) are supported, at the exit of the intervertebral 
foramen, on and under the neck of the first rib, 
respectively. They do not have a direct relation-
ship with the vertebral artery, which is located 
anterior to them. It is necessary to highlight the 
ventral tubercle of the C6 costotransverse process 
that is very prominent, being palpable under the 
pulse of the common carotid artery, known as the 
Chassaignac carotid tubercle. This is because the 
ventral tuber of C7 is almost non-existent, since 
no muscle is inserted in it and thus C6 appears as 
more bulky. This is a deep and difficult area of   
dissection, highlighting the vulnerability of 
important vascular structures, especially the sub-
clavian and vertebral arteries. Even smaller 
branches such as the supreme thoracic artery, 
which is localized between C8 and T1 over the 
neck of the first rib, can present very worrisome 
bleeding due to its proximity to the subclavian 
trunk (the same thing happens with the scapular 
thyrocervical trunk). The cervicothoracic gan-
glion is located medially and posterior to the ver-
tebral artery, near its origin in the subclavian 
artery.

The relationship of the anterior branches of 
C8 and T1 with the cervical sympathetic chain 
explain the clinical sign of Claude Bernard- 
Horner’s syndrome (Fig.  2.11) (myosis, enoph-
thalmos, ptosis, and anhidrosis). These 
connections with the sympathetic nervous system 
include both gray and white rami. The gray ramus 
brings postsynaptic fibers from the sympathetic 
ganglia to the spinal nerve, destined for sweat 
glands and vasoconstriction. The white ramus 
carries preganglionic fibers from spinal cord to 
sympathetic ganglia and is the base for the men-
tioned Horner’s syndrome (interruption of the 

ciliary reflex travelling through the sympathetic 
chain) [14].

Herzberg [26] describes in detail the anatomy 
of the area of the intervertebral foramen and cos-
totransverse canal. He finds that there are rein-
forcements of dense connective tissue between 
the costotransverse processes and the epineurium 
of the underlying nerve, calling them the trans-
verse root ligament. This ligament is just outside 
the intervertebral foramen where the inferior 
aspect of the spinal nerve is attached to the bone 
through connective tissue, protecting the weak 
intradural rootlets from traction injury that may 
cause avulsion from the spinal cord. These struc-
tures have greater consistency in the fifth, sixth, 
and seventh cervical nerves, being very thin or 
not existing in the eighth cervical and first tho-
racic nerves. This would explain the higher inci-
dence of low root avulsions in contrast to those of 
C5–C6 and C7 due to the protective effect of the 
ligament. This ligament is located in the angle 
formed by the anterior and posterior division 
branches of the corresponding peripheral nerve. 
It also describes the relations of the subradicular 
arteries accompanying the roots C5, C6, and C7 
from the ascending cervical artery.

In the neck, the brachial plexus is located within 
the lower part of the greater supraclavicular trian-
gle, defined by the sternocleidomastoid anteriorly, 
the trapezius posteriorly, and the clavicle inferi-
orly, more precisely in the  omoclavicular triangle 
(see Fig. 2.5), between the posterior belly of the 
omohyoid, the clavicle, and the spine [18]. At this 

Fig. 2.11 Claude Bernard-Horner’s syndrome: 
Enophthalmus, ptosis and myosis. [With permissions 
from Editorial Medica Panamericana]
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level, we find the upper, middle, and lower trunks 
which are in close relationship with the scalene 
muscles. The origin of the scalene muscles is at 
cervical transverse processes and they direct to the 
first rib (anterior and middle scalene), inserting in 
front and behind the groove of the subclavian 
artery, and the second rib (posterior scalene).

The major interscalenic triangle or hiatus of the 
scalenes is found between the anterior and middle 
scalene. At this point the brachial plexus runs 
along with the subclavian artery, which is located 
below the upper and middle trunks but in front of 
the lower trunk [13] (see Fig. 2.3). The lower trunk 
can be separated, if present, by muscle scalenus 
minimus, or more frequently by their remaining 
form of a fibrous thickening. The aponeurosis that 
covers the scalene muscles comes from preverte-
bral aponeurosis and extends laterally forming a 
closed space constituting what is known in anes-
thesiology as a sheath of the brachial plexus. This 
sheath is the anatomical foundation of regional 
blocks at this level [27]. As mentioned, in this 
space we can inconstantly find the interscalenic 
artery that must be kept in mind to avoid its injury 
and consequent hemorrhage that can be difficult to 
stop due to the complexity of the area.

Within this regional anatomy, it should be 
remembered that the subclavian artery and its 
branches are divided into three segments with 
respect to its relationship with the anterior sca-
lene muscle (Fig. 2.12) [18]: in the pre- or intra-
scalenic portion, we will find the subclavian 
artery supported on the pleural dome, adjacent 
with the vagus nerve (and recurrent nerve on the 
right side that surrounds it from below and 
behind), the ansa of Vieussens, and the phrenic 
nerve in front, in addition to its vertebral collat-
eral branches, internal mammary, costocervical 
trunk (upper intercostal and deep cervical), and 
thyrocervical trunk (lower thyroid, ascending 
cervical, superficial transverse cervical, and 
suprascapular). The interscalenic portion rests on 
the upper face of the first rib, just behind the 
Lisfranc tubercle (insertion of the anterior sca-
lene muscle). The post- or extrascalenic portion 
is found at the first muscular digitation of the 
anterior serratus muscle and gives rise to the pos-
terior scapular artery. The artery is of consider-

able thickness, originating from its posterior 
face; this artery can pass between the primary 
trunks of the brachial plexus (between the upper 
and middle (see Fig.  2.3) or less frequently, 
between the middle and lower) to go to the upper 
angle of the scapula after surrounding the middle 
and posterior scalene muscles. It should be noted 
that sometimes its origin is located in the inter-
scalene hiatus, with the risk that this entails dur-
ing surgery in this area, and even in the 
intrascalenic portion, then running behind the 
tendon of the anterior scalene, and in front of the 
trunks of the plexus to pass between them 
(between the upper and middle or between the 
middle and lower) [13].

In front of the anterior scalene, the subclavian 
vein, and the phrenic nerve follows the anterior 

Fig. 2.12 Relationships of the anterior scalenus muscle. 
Subclavian artery (1) and its collateral branches in rela-
tion to the anterior scalenus  muscles, prescalenic (inter-
nal thoracic artery, vertebral artery, costocervical trunk, 
and thyrocervical trunk-2), interscalenic,  and postsca-
lenic portions (posterior scapular artery-3). Anterior rela-
tion with the phrenic nerve-4, and posterior relation with 
the dorsal scapular nerve-5, and long thoracic nerve-6. 
Subclavian vein-7. [With permissions from Editorial 
Medica Panamericana]
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edge of the muscle running from lateral to medial 
to enter into the thorax [28] (Fig. 2.13). At this 
level, we found the thyrocervical arterial trunk 
medial to the tendon; at this place emits its 
branches on the anterior scalene.

Dorsal to this area, between the middle and 
posterior scalene, another space is formed, the 
minor interscalenic triangle. This is narrow and 
difficult to visualize, through which the dorsal 
nerve of the scapula and the long thoracic nerve 
or Charles Bell, collateral branches of the bra-
chial plexus (see Fig.  2.12), go. Usually the 
dorsal scapular nerve pierces the middle sca-
lenes [29].

The omohyoid muscle crosses superficially to 
these structures, which as a whole are covered by 
the superficial cervical aponeurosis with the 
external jugular vein as already mentioned (see 

Fig. 2.5), and the platysma muscle in the subder-
mal layer.

Finally, the separation of the trunks will occur 
in anterior and posterior divisions corresponding 
to the retroclavicular area, and the constitution 
of the lateral, medial, and posterior cords and 
their terminal branches (musculocutaneous, 
median, ulnar, cutaneous medial of the arm and 
cutaneous medial of the forearm, radial and axil-
lary) that belong to the infraclavicular brachial 
plexus [28, 29].

The relationships of the cords with the axillary 
artery vary along its path [30]. Just below the 
clavicle, the posterior cord is located laterally to 
the axillary artery, the middle cord behind it, and 
the lateral cord in front. The nomenclature does 
not correspond in this area to the anatomical rela-
tionship. It is under the tendon of the pectoralis 
minor when the cords adopt the position appro-
priate to their nomenclature (see Fig. 2.8). Miller 
[31] described variations of the axillary artery 
with respect to the nerve cords in 2% of cases, the 
most frequent being the presence of the axillary 
artery in front of the three cords, keeping the 
median nerve behind it.

Regarding the appearance of the nerves of 
each of the cords, it should be mentioned that the 
branches of the posterior cord are usually con-
stant in their sequence of appearance: first the 
upper subscapular nerve, the thoracodorsal, the 
lower subscapular, and finally the axillary nerve. 
The branches of the medial cord in order are 
medial pectoral nerve, medial cutaneous nerve of 
the arm, medial cutaneous nerve of the forearm, 
medial root or medial cord contribution (MCC) 
to the median nerve, and finally the ulnar nerve 
[13] (see Fig.  2.9). The branches of the lateral 
cord are more variable. In 10% of cases, the mus-
culocutaneous nerve originates more distal than 
usual from the lateral cord, or even directly from 
the median nerve. On other occasions the exter-
nal root of the median nerve can appear as two or 
three branches to finally continue with the main 
trunk, or more rarely this root has its origin 
directly from the musculocutaneous nerve itself 
at different heights. Nerve variations make it dif-
ficult to dissect and identify the components of 
the plexus [32].

Fig. 2.13 Superficial relations of the anterior scalenus 
muscle. In front of the tendon of insertion-1, subclavian 
vein-2, phrenic nerve-3 and superficial transverse cervical 
artery and suprascapular artery-4 coming from the thyro-
cervical trunk. Behind the tendon and muscle,  subclavian 
artery-5 (and lower trunk posterior to it) and middle and 
upper trunks-6 in the interscalenic space, inside the sca-
lenic sheath
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 Intraneural Anatomy

In peripheral nerve microsurgery, the fascicle 
with its perineurium is considered as the basic 
unit. Therefore it is important to know, when fea-
sible, the quadratic location of the fascicles inside 
the nerve; this is what is known as intraneural 
pattern and topography. The longitudinal anat-
omy of the nerve trunk can be studied as advo-
cated by Sunderland [33]. The fascicles are not 
individualized and in a constant position, but are 
divided and intermingled in a plexiform way 
along the nerve path, changing the number and 
size of the fascicles in short segments, especially 
in the proximal areas of the upper extremity.

The fascicular pattern indicates the number, 
size, and location of the fascicles at a given level. 
Sunderland established that, in general, every 
1.5 cm the fascicular pattern could change. Since 
then, the fascicular arrangement maps of the 
motor and sensory fibers at different levels of the 
nerve length serve as a guide in the transverse 
topography to achieve a correct axial orientation 
of the fascicles during surgery. These maps are 
especially useful in the distal areas of the extrem-
ities, since then the variation of the fascicular pat-
tern is smaller, being able to find long segments 
that maintain the same intraneural pattern in the 
distal part of the forearm, wrist, and hand (nerve 
disgregation or segregation) [20, 34, 35].This fact 
has been confirmed with stimulation and intraop-
erative nerve studies [20, 36].

In the intervertebral foramen, at the middle 
level of the nerve trunks, just after the union of the 
ventral and dorsal roots, a monofascicular 
arrangement of the nerve fibers is seen, in which 
the motor and sensory fibers are observed to inter-
mingle. This occurs in the transition zone of the 
infundibulum when the epineurium continues. In 
the middle area of   the ventral branch of the nerve 
trunk (or primary rami), after the dorsal branch 
(or primary rami) has been detached, an arrange-
ment of the nerve fibers will be observed with an 
oligofascicular pattern, between 3 and 9 fascicu-
lar groups and with a mean of four to five groups. 
In the lateral zone of this branch, these fascicles 
will be separated into an anterior and a posterior 
group with a multifascicular pattern [17].

When the upper, middle, and lower trunks of 
the brachial plexus have been formed, the latter 
arrangement continues to be maintained in a ven-
tral and dorsal plane in polyfascicular groups, a 
logical fact since they will originate the corre-
sponding anterior and posterior divisions of the 
brachial plexus. The number of fascicles in each 
group is increasing progressively, while their size 
decreases as an expression of their separation 
[17]. This fact highlights the embryological and 
functional aspect of the anterior divisions with a 
flexopronator function and the posterior ones with 
an extensosupinator function of the upper limb.

In clinical practice, various schemes dissemi-
nated by the main authors in this area on the 
intraneural distribution and course of fascicular 
groups along their path from the origin of the 
plexus to the peripheral and collateral peripheral 
nerves are used. In our centers we mainly use the 
scheme of Narakas [11].

At present, a very good correlation between 
the histological studies of the intraneural topog-
raphy and the studies with high-resolution ultra-
sound of Kubiena [23] has been demonstrated, 
corroborating the data reflected in the literature 
and checking dynamically the changes of fasci-
cles and groups of fascicles along the entire path 
of the brachial plexus to its terminal branches. 
Thus, by ultrasound it has been shown, for exam-
ple, how the anterior divisions, posterior divi-
sions, and separation of the suprascapular nerve 
are located in the upper trunk with ultrasound 
images that are almost “histological” because of 
their ability to differentiate fascicular groups. 
The fascicles for the suprascapular nerve can be 
located in the cranial area, the fascicles for the 
musculocutaneous nerve in the anterior area, and 
those of the axillary nerve in the posterior area.

There are studies that have accounted for 
approximately the number of fibers for roots and 
terminal nerves (Bonnel [1] if you are going to 
mention studies). It is mentioned that C5 contains 
16,000–23,000 nerve fibers, C6 about 26,000–
27,500 fibers, C7 about 23,700–31,500, C8 
24,000–30,600, and T1 about 19,700–22,000. In 
the terminal trunks, 15,900–18,000 fibers have 
been counted for the median nerve, for the mus-
culocutaneous nerve 5000–6000, for the ulnar 
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14,000–16,000, for the radial 15,900–20,000, 
and for the axillary 6000–7000 fibers [12].

 Collateral Terminal Branches 
and Motor Points

The collateral branches of the supraclavicular 
brachial plexus are:

• Ventral collateral branches: nerves for deep 
neck muscles, subclavian nerve, suprascapu-
lar nerve, and phrenic nerve.

• Dorsal collateral branches: dorsal nerve of 
the scapula and long thoracic nerve.

 Nerves for Deep Neck Musculature 
(C2–C8)

Almost immediately after exiting the nerves C2 
to C8, the branches that innervate the muscles of 
the long neck and anterior, middle, and posterior 
scalenes originate. They are cited for the diagnos-
tic importance in electroneurophysiological tests 
[37] to determine pre- or postganglionic lesions 
due to the proximity of their origin to the spinal 
ganglion of roots C2 to C8 (T1 does not contrib-
ute to the innervation of this musculature). In 
clinical examination it is usually not a muscula-
ture that is studied specifically.

C2 to C4 form the cervical plexus, which in 
turn is divided into superficial (sensory) and 
deep (motor). From the superficial, sensory 
plexus originates the supra-acromial, supracla-
vicular, and suprasternal, transverse cervical, 
greater auricular, and lesser occipital nerves (see 
Fig.  2.5) radiating from the “neural point” 
located in the posterior edge of the sternocleido-
mastoid muscle (at the union of its upper third 
and middle third). From the deep cervical plexus, 
several cervical loops (between C2, C3, C4, and 
C5) are made up from which originates motor 
fibers for the sternocleidomastoid muscle, nerve 
for the rhomboid muscle and for the levator 
scapulae muscle known as the dorsal scapular 
nerve, and cervical fibers for the trapezius. 
Fibers will come out of the third cervical loop 
for the strap muscles of the neck, which, through 

the descending branch of the hypoglossal, will 
innervate the strap or hyoid muscles (see 
Fig.  2.12). Brunelli has studied this topic in 
detail and describes that the number of motor 
fibers from the deep cervical plexus contains 
about 3400–4100 myelinic fibers and the super-
ficial cervical plexus about 2000 fibers [12, 38].

 Phrenic Nerve (C3–C4)

The main component of the phrenic nerve origi-
nates from C4. Although it does not really belong 
to the brachial plexus, it is commented on the inti-
mate relationship it has with it and the frequency 
with which a branch of the fifth cervical nerve con-
tributes to its formation directly (accessory phrenic 
nerve) or through the subclavian nerve. It has a 
long path inside the aponeurosis of the anterior sca-
lene muscle (see Figs. 2.6, 2.12, and 2.13), running 
along its anterior surface, close to its insertion, sur-
rounding it medially running between the subcla-
vian artery and vein. It enters the thoracic cavity 
and travels to its final destination innervating the 
corresponding hemidiaphragm, the main and auto-
matic breathing muscle. It has been calculated that 
the number of myelinic fibers of this nerve is about 
800 according to D. Chuang [39, 40].

Unilateral diaphragm paralysis is tolerated if 
there is no underlying respiratory pathology that 
results in a disorder of the ventilatory function, 
and that is why it should be systematically 
explored when there is a suspected suspicion of 
the brachial plexus. In addition, when it origi-
nates in the proximal area of   the ventral nerve 
branches, it has a prognostic factor because it will 
indicate a possible preganglionic lesion.

The clinical examination of this nerve evalu-
ates its function during breathing by auscultation 
and performing an x-ray in maximum inspiration 
and expiration to identify position of the 
diaphragm.

 Subclavian Nerve (C5–C6)

It is a very thin nerve that originates from the 
anterior aspect of the upper trunk or, less fre-
quently, directly from C5 or C6. It runs distally, 
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above the plexus and in front of the subclavian 
artery and vein to innervate the subclavian mus-
cle through its posterior face, at the level of the 
middle third, where its motor point is located.

 Suprascapular Nerve (C5–C6)

The suprascapular nerve is a big collateral branch 
and with clinical and surgical importance not 
only for its function but also for serving as a ref-
erence point. It originates from the cranial border 
of the upper trunk or directly from C5, although 
in reality at this point a nerve trifurcation 
(Fig.  2.14) corresponding to the suprascapular 
nerve, and the posterior and anterior division of 
the upper trunk, arranged in this order. The supra-
scapular nerve runs parallel to the plexus and fol-
lows the lower belly of the omohyoid muscle to 
pass through the upper notch of the scapula and 
innervate the supraspinatus and infraspinatus 
muscles. It has proprioceptive fibers that are dis-
tributed through the shoulder joint, and skin sen-
sory fibers have been described, being the only 
ones of the brachial plexus that originate above 
the clavicle.

The suprascapular nerve contains 3000 to 
4000 myelinic fibers with a large component of 
afferent proprioceptive muscle fibers, and only 

recently there are authors who have found sen-
sory fibers of cutaneous distribution in a very 
limited area [41].

 Dorsal Scapular Nerve (C4–C5)

It originates from the posterior aspect of the ven-
tral primary rami of C5 and often from C4 and 
C6, near the intervertebral foramen. It penetrates 
the middle scalene muscle to go down and back in 
search of the vertebral edge of the scapula 
(Fig. 2.15). At this level it joins the posterior scap-
ular artery or deep transverse cervical artery of the 
neck to descend under levator scapulae muscle to 
which it innervates in its middle area (motor 
point) and, subsequently, to run over the deep face 
of the major and minor rhomboid muscles. It 
innervates these muscles through their motor 
point located in the upper area of   these muscles 
[13]. Note that C5 gives the component for this 
nerve within the intervertebral foramen while C6 
makes it a bit more lateral, before the upper trunk 
is formed. The levator scapulae muscle is also 
innervated by direct cervical fibers of C3 and C4.

 Long Thoracic Nerve (C5-C6-C7)

It has 1600 to 1800 myelinic fibers (Chuang [39], 
Narakas [42]). It originates from the posterior 
aspect of the ventral branches of C5, C6 (main 
component) and sometimes C7 (40% of cases), 
near the intervertebral foramen. They cross the 
middle scalene muscle, and when there is a com-
ponent of C7, it usually joins the main component 
just above the middle scalene. At the exit of the 
muscular mass of the middle scalene muscle, it is 
directed vertically downward, behind the brachial 
plexus and the axillary vessels to be located near 
the angle that is formed between it and the sub-
scapular muscle (see Fig.  2.15). It lies on the 
external face of the anterior serratus muscle while 
releasing nerve branches for the innervation of 
each of its muscular digitations (Fig. 2.16). The 
upper portion of the anterior serratus muscle is 
innervated by fibers of C5, the middle portion by 
fibers of C6, and the lower portion by fibers of C7. 
The long thoracic nerve at the level of the first 

Fig. 2.14 Dissection of a supraclavicular brachial plexus. 
Upper trunk trifurcation (1) in  suprascapular nerve (2), 
posterior division (3) and anterior division (4). Vascular 
relations of the posterior scapular artery (5) between the 
upper and middle trunks (6), and the subclavian artery (7) 
just posterior to the scalenus anterior and in front the 
lower trunk (8)
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intercostal space is covered by aponeurotic fibers 
on the first muscular digitation that can produce a 
nerve compression (iatrogenic lesion at this level 
is feasible when performing a cervical rib removal 
by axillary route).

 Sensory and Sympathetic Aspect

The spinal nerves, being mixed nerves, carry 
motor, sensory, and sympathetic fibers. The sen-
sory fibers regroup to form cutaneous nerves dur-
ing the course from the roots to the collateral and 
terminal nerves, to innervate a skin area of   spe-
cific sensitivity [4]. In general, it is necessary to 
explore the sensitivity from the metameric point 

of view to study the spinoradicular lesions and 
the trunk sensitivity to study the lesions of the 
peripheral nerves.

The white communicating branches, which 
carry preganglionic fibers from the spinal cord to 
the sympathetic ganglia, run first through the 
ventral roots and then follow the nerve trunk and 
scale into the sympathetic ganglion. Following 
these sympathetic ganglia, gray communicating 
branches will emerge that will join the corre-
sponding spinal nerves, to follow their peripheral 
path, to be distributed through their territory of 
specific vegetative innervation. The spinal nerves 
receive gray communicating branches of the cor-
responding sympathetic ganglia: C5 and C6 of 
the middle cervical ganglion and C7, C8 and T1 
of the lower cervical ganglion and first thoracic 
ganglion or stellated cervical ganglion (cervico-
thoracic) [12, 13] (Fig. 2.17). Sympathetic fibers 
are responsible for vasoconstriction and the stim-
ulation of sweat glands.

The sympathetic fibers of C8 and T1 are part 
of the ciliary reflex that explains the appearance 
of a Horner’s syndrome (ptosis, enophthalmos, 
myosis, and anhidrosis) in the low brachial plexus 
lesions [14]. Thus, in general, sympathetic fibers 
determine vasomotor control, sweating, and pilo-
motor reflex.

Fig. 2.15 Anterior, middle and posterior scalenus mus-
cles and their neural relationships. 1 anterior scalenus, 2 
middle scalenus, 3 posterior scalenus, 4 deep cervical 
plexus, 5 phrenic nerve, 6 upper trunk, 7 long thoracic 
nerve, 8 dorsal scapular nerve, 9 levator scapulae muscle, 
10 trapezius muscle and  11 accessory or spinal nerve. 
[With permissions from Editorial Medica Panamericana]

Fig. 2.16 Posterolateral view of a right brachial plexus. 
Observe the origin of the long thoracic nerve (1) and dor-
sal scapular nerve (2) in the dorsal part of C5 and C6, and  
their course
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 Infraclavicular Brachial Plexus: 
Collateral and Terminal Branches

 Surgical Anatomy and Relationships 
of the Terminal Branches

The divisions of the trunks are located resting in 
the muscular digitation of the anterior serratus 
muscle and at the level of the subscapular mus-
cle, behind the subclavian muscle, in the two 
internal thirds of the clavicle [43].

The most distal part of the cords and the termi-
nal branches of the plexus form at the level of the 
axilla.

The axillary cavity is shaped like a truncated 
triangular pyramid, limited in front by the sub-
clavian, pectoral minor, Richet clavicoracoaxil-
lary aponeurosis, pectoralis major, and its 
aponeurosis. Dorsally, it is limited by the sub-
scapular, teres major, and latissimus dorsi mus-
cles and, medially, by the ribs and anterior 
serratus muscle [12].

Inside the axillary cavity, the terminal 
branches of the brachial plexus and cords are 
closely related to the axillary artery and vein, its 
branches, and the lymphatic ganglia groups of 
the area. Neurovascular structures are involved in 
the axillary sheath, continuation of the aponeuro-
sis of the scalenes, which continues to converge 
distally to pass through the retroclavicular space 
and finally diverge from the narrow costoclavicu-
lar to the upper limb [12, 28, 43].

The key point to be oriented in this area is the 
tendon of the pectoralis minor, inserting into the 
medial face of the coracoid process (Fig.  2.18). 
Behind it, the axillary artery is divided into three 

Fig. 2.17 Sympathetic chain communications (1) 
between the lower or stellated cervical ramus (2) and the 
anterior ramus of C8 and T1. The vertebral artery (3) is 
retracted medially to expose this deep area. Neck of the 
first rib (4). C5 (5), C6 (6), C7 (7), C8 (8), and T1 (9) 
anterior ramus of the brachial plexus. Observe the differ-
ent thickness and obliquity of the nerves. [With permis-
sions from Editorial Medica Panamericana]

Fig. 2.18 General view of the infraclavicular brachial 
plexus. Retraction of the axillary vein to show the axillary 
artery and its relation with the lateral and medial cords 
and their terminal branches. 1 axillary vein, 2 axillary 
artery, 3 lateral cord, 4 musculocutaneous nerve, 5 lateral 
root of the median nerve, 6 medial cord, 7 medial root of 
the median nerve, 8 ulnar nerve, 9 medial cutaneous nerve 
of the arm, 10 medial cutaneous nerve of the forearm, 11 
radial nerve, 12 median nerve, 13 tendon of insertion of 
latissimus dorsi muscle. [With permissions from Editorial 
Medica Panamericana]
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parts: pre-, retro-, and postpectoral segment (see 
Figs. 2.7 and 2.8) [43]. The nomenclature of the 
cords of the brachial plexus is according to their 
relationship with the second part or retropectoral 
part of the axillary artery since at this level they 
are outside (lateral cord), inside (medial cord), or 
behind (posterior cord) of the artery. Immediately 
distal to the clavicle, the relationships of the cords 
in the first part or prepectoral portion change sub-
stantially with the lateral cord separated and 
above the axillary artery, the middle cord com-
pletely behind, and the posterior cord located lat-
erally to it [30]. This can be confusing in relation 
to the nomenclature; in the second portion, this 
nomenclature is classified as described; in the 
third part or postpectoral portion, the cords are 
arranged so that the lateral one is placed in front 
of the artery before dividing and forming the 
median and musculocutaneous nerve and the 
medial cord is arranged below it hidden between 
the artery and the vein axillary located in front, 
while the posterior cord remains in position (see 
Fig. 2.18) [43]. It is also interesting to know the 
division of the axillary artery in the three described 
segments and the collateral branches in each of 
them: upper thoracic artery in the prepectoral seg-
ment, acromiothoracic artery and lateral thoracic 
artery in the retropectoral segment, and the sub-
scapular arteries and humeral circumflexes ante-
rior and posterior in the postpectoral segment.

Sometimes it is possible to find an accessory 
muscle that extends from the lateral edge of the 
latissimus dorsi muscle to the posteroinferior bor-
der of the tendon of insertion of the pectoralis 
major or its vicinity, known as the axillopectoral 
muscle or the axillary arch of Langer. Knowledge 
of this accessory muscle is important in order to 
continue to be oriented correctly in the area and to 
correctly identify the neurovascular structures.

The lateral cord when reaching the lateral 
edge of the pectoralis minor muscle will divide 
originating laterally to the musculocutaneous 
nerve and medially its major component will 
form the lateral root or lateral cord contribution 
of the median nerve (which will provide innerva-
tion for the flexor carpi radialis muscle and sen-
sory innervation of volar thumb, index, long, and 
annular fingers) (see Figs.  2.9 and 2.18). This 

contribution will carry fibers from C5 to C7, spe-
cifically to innervate the extrinsic musculature 
hand dependent on the median nerve and sensory 
territory in the skin [44]. The lateral cord will 
join the medial root or medial cord contribution 
to median nerve, which will carry C8 and T1 
fibers to innervate the intrinsic musculature of the 
hand dependent on the median nerve (i.e. APB, 
opponens, FPB). All of this is placed in front of 
the third part of the axillary artery. In this area, 
anatomical variations of greater or lesser extent 
(double lateral root (see Fig. 2.18), union behind 
the artery, musculocutaneous fascicles transfer 
through the nerve to innervate biceps and bra-
chialis at midarm level) may occur frequently. 
Despite being anatomical variations, its func-
tional representation is usually not significant.

The medial cord appears between the axillary 
artery and vein, carrying C8 and T1 fibers, occa-
sionally T2 and rarely C7. It runs along the 
medial side of the artery and, from its border, the 
medial cutaneous nerve of the arm and medial 
cutaneous nerve of the forearm, in this order (see 
Fig.  2.9) [45]. All of this happens distal to the 
minor pectoral muscle lateral border. At this level 
the medial cord divides giving rise to the ulnar 
nerve, which is its continuation, and laterally to 
the internal root of the median nerve for intrinsic 
muscles (APB, opponens, and FPB of the thenar 
eminence) already described above. From the 
anterior aspect of the medial cord, the medial 
pectoral nerve, hidden under the axillary artery, 
will branch and then curve between the artery 
and the vein, forming the so-called pectoral loop 
or ansa pectoralis along with the lateral pectoral 
nerve from the lateral cord (Fig.  2.19). The 
medial pectoral nerve penetrates the deep side of 
the pectoralis minor muscle to innervate it, with 
some of its branches that pass through it to inner-
vate the sternocostal portion of the pectoralis 
major muscle (C8-T1). Clavipectoral aponeuro-
sis of the anterior wall of the axillary cavity will 
be perforated by the lateral pectoral nerve (C5–
C7) and the accompanying anterior thoracic ves-
sels that will penetrate the deep side of the 
clavicular cord of the pectoralis major muscle to 
innervate it. From the pectoral loop, small nerve 
branches innervate the pectoralis major muscle 
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and the pectoralis minor muscle. Many authors 
describe, instead of two nerves for the pectoral 
muscles, the existence of three or more nerve 
branches [46].

The posterior cord carries basically C5, C6, C7, 
and C8 fibers, the contribution of T1 being very 
small. It is formed by the union of the posterior 
divisions of the upper (C5–C6), middle (C7), and 
lower (C8-T1) trunks, at the level of the first mus-
cular digitation or fascicles of the anterior serratus 
muscle (see Figs. 2.4 and 2.10). As an anatomical 
variation, the posterior cord may be absent, and 
then the radial and axillary nerve originates inde-
pendently from the posterior divisions. The contri-
bution of C5 and C6 is the main one for the axillary 
nerve. The contribution of C7 is distributed mainly 
by the radial nerve, the contribution of C8 and T1 

being smaller. The upper subscapular nerve, thora-
codorsal nerve, and inferior subscapular nerve in 
this order branch from it. Finally it gives rise to the 
axillary and radial nerves (Fig. 2.20). The axillary 
nerve originates in 80% of cases of the posterior 
cord, but can also originate from the posterior divi-
sions of the upper and middle trunk. Likewise, the 
radial nerve originates in 80% of the cases of the 
posterior cord or the posterior divisions of the 
three trunks. Normally the radial nerve separates 
from the axillary nerve in the retropectoral area, 
running behind the third part of the axillary artery 
(see Figs. 2.8, 2.10, and 2.20) [21, 43].

In the inner wall of the axilla, we can see how 
the long thoracic nerve runs, all along the anterior 
serratus muscle covered by its aponeurosis and in 
the distal thorax in relation to the thoracic lateral 
artery (locate parallel to it), but in the line of 
insertion of their muscular digitations or fascicles 
in the ribs (see Fig. 2.16) [12, 21, 43, 44].

All this complex anatomy can be even more 
confusing due to the existence of arterial vascular 
variations, which occur in 10% of cases, and even 
more frequent venous variations. The most fre-
quent arterial variation is the location of an 
 axillary artery with a superficial situation in the 
median nerve [31], which can be disconcerting. 
The rest of the variations refer to the collateral 

Fig. 2.19 The coracoclavipectoral fascia is perforated by 
branches of the lateral pectoral nerve (yellow vessel loop) 
originating from the lateral cord (1), and arterial branches 
of the thoracoacromial artery (2) that supply the clavicular 
part of the pectoralis major muscle (3). Observe the 
branches of the medial pectoral nerve (4) perforating the 
pectoralis minor muscle (5) to innervate the sternocostal 
part of the pectoralis major muscle (6). Clavicle (7). 
Axillary artery (8). [With permissions from Editorial 
Medica Panamericana]

Fig. 2.20 Superior view of a right brachial plexus. 
Lateral and medial cords, and axillary artery are retracted 
anteriorly to show the posterior cord, and its terminal and 
collateral branches. 1 Posterior cord, 2 radial nerve, 3 
axillary nerve, 4 upper subscapular nerve, 5 thoracodorsal 
nerve, 6 lower subscapular nerve. 7 lateral and medial 
cords. 8 axillary artery
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branches of the three parts of the axillary artery, 
highlighting those of the acromiothoracic artery 
(second portion) and the subscapular artery (third 
portion).

 Intraneural Anatomy

At the infraclavicular level, the intraneural distri-
bution of the fascicles is more complicated 
because there are a greater number of them, 
although with small diameter, as an expression of 
the branching of the nerve to reach their final tar-
gets. This makes it difficult to recognize qua-
dratic patterns in this area. However, Kubiena 
[23] shows with high-resolution ultrasound how 
the median nerve is formed through the internal 
and external roots from homonymous cords; 
despite this, the arrangement of fascicular groups 
is not specified.

 Collateral Branches and Motor Points

The collateral branches of the infraclavicular bra-
chial plexus that innervate the muscles of the 
shoulder girdle are:

• Anterior collateral branches: lateral pectoral 
nerve and medial pectoral nerve.

• Posterior collateral branches: superior sub-
scapular nerve, thoracodorsal nerve, and infe-
rior subscapular nerve.

 Lateral Pectoral Nerve (C5–C7)

The lateral pectoral nerve originates from the 
anterior aspect of the lateral cord (Fig.  2.21), 
either as a single root or by the confluence of two 
or three rootlets. It can also originate from the 
anterior divisions of the upper and middle trunk. 
It leaves the lateral cord outside the first portion 
of the axillary artery, giving an upper branch of 
the pectoralis major that pierces the clavipectoral 
fascia to penetrate the deep aspect of the clavicu-
lar part of the pectoralis major muscle and inner-
vate it (C5, C6, and C7) and a lower branch to 

join the medial pectoral branch that forms a loop 
(ansa pectoralis) contributing to the innervation 
of the sternocostal part of the pectoralis major 
muscle [46] (see Fig. 2.19).

 Medial Pectoral Nerve (C8-T1)

The medial pectoral nerve originates from the 
anterior aspect of the medial cord at the level of 
the first portion of the axillary artery, that is, 
when it is located behind it (therefore dissection 
and visualization are difficult) (see Fig. 2.21). It 
curves around the artery, passing between it and 
the axillary vein, to form together with the lat-
eral pectoral nerve, the so-called pectoral loop 
or ansa pectoralis (see Figs. 2.19 and 2.21), in 
front of the second portion of the axillary artery, 
just outside the acromiothoracic arterial trunk 
(anatomical landmark). All of this is located 
under the pectoralis minor muscle. Branches of 
the medial pectoral nerve that will penetrate the 
pectoralis minor muscle through its deep face 
will be detached from the pectoral loop, some of 
which will pass through it to innervate the ster-
nocostal head of the pectoralis major muscle. 

Fig. 2.21 Ansa pectoralis or pectoral loop formed by the 
lateral pectoral nerve (1) and the medial pectoral nerve (2) 
just distal to the origin of the thoracoacromial branch (3) 
of the axillary artery (4), under the pectoralis minor mus-
cle.  Lateral cord (5) and medial cord (6). Axillary vein (7) 
covering the medial cord and complicating the access to 
this structure. [With permissions from Editorial Medica 
Panamericana]
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The number of myelinic fibers has been calcu-
lated at 400 to 600 according to the works of 
Chuang [39], Narakas [42], Oberlin [47], and 
Bertelli [48].

It should be noted that despite the medial and 
lateral nomenclature, this is done according to 
the cord from which these nerves originate and 
not to their anatomical location since the medial 
pectoral nerve is located “lateral” with respect to 
the lateral pectoral nerve, located more “medi-
ally” [43, 46].

The pectoralis major muscle consists of two 
heads, clavicular (innervated by the lateral pecto-
ral nerve) and sternocostal (innervated by the 
medial pectoral nerve), with significant morpho-
functional differences and function, but with a 
common insertion.

 Upper Subscapular Nerve (C5-C6)

The upper subscapular nerve originates from the 
posterior cord carrying C5 and C6 fibers. It is 
directed to the subscapularis muscle to innervate 
its middle and upper portion. This branch is 
smaller than that of the inferior subscapular nerve 
[21, 30, 49] (Fig. 2.22).

 Thoracodorsal Nerve (C6–C8)

The thoracodorsal nerve originates from the poste-
rior cord between the upper and lower subscapular 
nerves (see Fig. 2.22). It carries mainly C7 but also 
C6 and C8 fibers. It can originate directly from the 
radial, axillary, or subscapular nerve. It is placed 
behind the subscapular artery and after its division 
into the superior scapular circumflex artery and 
thoracodorsal artery follows this last branch to 
penetrate the latissimus dorsi muscle with it. This 
is about 8–12  cm from its insertion tendon and 
about 2 cm from its leading edge [12, 21, 30, 43].

 Lower Subscapular Nerve (C5–C6)

Although classically described as originating from 
the posterior cord, it can be detached indepen-
dently from the axillary nerve. It is directed to the 
lower edge of the subscapular muscle, behind the 
subscapular vessels where it is divided into two 
branches, one to innervate the lower portion of the 
subscapular muscle and another to innervate the 
teres major muscle (see Fig. 2.22) [12, 21, 30, 43].

 Sensory and Sympathetic Aspect

They will correspond to the specific sensory and 
sympathetic aspects of each of the nerves that com-
pose it, and that we will see individually, or the sum 
of some of them according to the affected cord.

The collateral branches of the infraclavicular 
plexus have no cutaneous sensory but proprio-
ceptive representation, which may explain the 
existence of pain when they are injured [4].
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Mechanisms of Injury

Kitty Wu, Peter Chang, and Christopher J. Dy

 Introduction

The first description of traumatic brachial plexus 
injury dates to Homer’s Iliad when “[Hector] hit 
[Teucer] just where the collar-bone divides the 
neck from the chest, a very deadly place, and 
broke the sinew of his arm so that his wrist was 
less, and the bow dropped from his hand” [1]. 
Nearly 3000 years later, trauma remains the lead-
ing cause of brachial plexus injuries (BPIs).

In his classic 1985 study of 1068 BPI patients, 
Narakas described the “rule of 7 x 70” summa-
rized as follows: [1] more than 70% of BPI are 
caused by traffic accidents, [2] 70% of traffic 
accidents are a result of motorcycle or bicycle, 
[3] 70% of these patients suffered polytrauma, 
[4] 70% had infraclavicular lesion, [5] 70% had 
at least one root avulsion, [6] 70% of root avul-
sions affected the lower trunk, and [7] 70% of 
patients with root avulsions injuries suffered 
chronic pain. Other than the proportion of infra-
clavicular lesions being only 10%, Narakas’ 
other observations have largely withstood the test 
of time [2, 3].

From Homer to Narakas to the present day, 
this chapter summarizes the main mechanisms of 
adult brachial plexus injuries.

 Closed Trauma

The most common cause of adult brachial plexus 
injury is a closed traction injury resulting from a 
high-velocity motor vehicle collision [4–8]. 
Motorcycle crashes are the most prevalent, 
accounting for 62% of operative BPI cases, fol-
lowed by automobile collisions which account 
for an additional 13% of operative cases [4]. 
Other traumatic causes include snowmobile 
accidents, fall from a height, bicycle or pedes-
trian accidents, and workplace injuries [4, 9, 10]. 
In a North American study of 4538 multi-trauma 
patients, the overall incidence of BPI was 1.2%, 
with 29% resulting from automobile collisions, 
22% from motorcycle accidents, and 4.8% from 
snowmobile accidents [11]. Although the pro-
portion of closed BPI resulting from motorcycle 
collisions was slightly lower than those in auto-
mobile accidents, motorcycle driving is overall a 
higher- risk activity. Less than 1% of those 
involved in automobile accidents resulted in 
BPI, compared to 4.2% of those injured in a 
motorcycle accident and 4.8% of those injured in 
a snowmobile accident [11].

In motorcycle collisions, brachial plexus 
injury results from a direct, forceful vertical 
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impact to the shoulder from striking another 
immobile object such as another vehicle, the 
ground, a tree, or a utility pole [5]. The average 
motorcycle speed at the time of impact ranged 
from 47 km/h in India to 88 km/h in the United 
States [12, 13]. Motorcycle and snowmobile 
drivers are unprotected by a vehicular frame and 
are more frequently ejected from the vehicle, 
resulting in a high rate of associated polytrauma 
and higher injury severity scores [14].

 Supraclavicular Injury

Ninety percent of traumatic BPI patients sustain 
supraclavicular injuries, and of these, 70% of 
injuries involve the avulsion of at least one root, 
and 12% involve avulsion of all five roots [4–6, 
15]. Within all traumatic supraclavicular injuries, 
50% of patients have complete C5-T1 pan-plexus 
involvement, followed by 39% with upper plexus 
lesions [4]. The prevalence of partial upper plexus 
lesions was further described by Bertelli in a 
series of 565 patients of which 23% had isolated 
C5–C6 injuries, 19% had C5–C7 injuries, and 
interestingly 52% had C5–C8 injuries [15], 
emphasizing the variability in injury patterns. 
The incidence of isolated lower plexus injuries is 
much less common and occurs in 2–6% of 
patients [3, 4, 10, 15, 16].

Upper plexus injuries are caused by a forceful 
widening of the shoulder-neck angle with a 
downward vertical force on the shoulder and 

traction on the neck while the shoulder is in an 
adducted position (Fig. 3.1a) [5, 6]. In contrast, 
lower plexus injuries occur from a widened 
scapulohumeral angle with the shoulder forced 
into hyper-abduction (Fig. 3.1b) [5, 6]. This find-
ing is supported by biomechanical three- 
dimensional finite element studies of the brachial 
plexus. Strain to the upper plexus is evident with 
neck extension beyond 33° and neck flexion 
beyond 23.5° from the ipsilateral shoulder. Strain 
to the lower plexus occurs with shoulder abduc-
tion starting at 30° [7]. Upper plexus injuries 
occur more frequently in motorcycle and bicycle 
accidents, while lower plexus injuries were more 
common in those involved in car accidents [17]. 
Pan-plexus injuries result from increased severity 
of the transmitted forces or a combination of dif-
ferential forces during the collision [11]. 
Motorcyclists not wearing helmets had a higher 
incidence of pan-plexus lesions [18].

The impact of seatbelts on the pattern of injury 
has been controversial. In a study of 43 surgically 
treated BPIs secondary to automobile accidents, 
Kaiser reported that all belted patients sustained 
upper plexus injuries on the side of the seatbelt 
crossing the shoulder [19]. In the same series, 
86% of patients not wearing seatbelts suffered 
pan-plexus injuries. In contrast, Soldado reported 
on 11 patients with C7-T1 lesions on the side of 
the seatbelt crossing the shoulder and described a 
different mechanism for lower plexus injuries 
resulting from severe retropulsion of the shoulder 
as the body is projected forward and the shoulder 

a cb b

Fig. 3.1 Mechanisms of supraclavicular injury. Upper 
plexus injuries are caused by a forceful widening of the 
shoulder-neck angle with a downward vertical force on 
the shoulder and traction on the neck while the shoulder is 
in an adducted position (a). Lower plexus injuries occur 

from a widened scapulohumeral angle with the shoulder 
forced into hyper-abduction (b). Direct anterior shoulder 
compression, for example, from a seatbelt, predisposes 
intermediate-level injuries with C7 root involvement (c). 
(Image modified from Soldado et al. [5])
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is kept immobilized by the seatbelt [5]. Brunelli 
theorized that direct anterior compression of the 
shoulder results in “intermediate BPI” with C7 
root pathology and variable C5–C6 and C7-T1 
involvement (Fig.  3.1c) [20]. The exact injury 
pattern may be determined by the direction and 
force of the impact in addition to the position of 
neck and shoulder. Furthermore, the retrospec-
tive nature of these studies involves interviewing 
patients regarding events at the time of a trau-
matic event and is subject to recall bias.

The upper brachial plexus is more susceptible 
to nerve rupture and the lower plexus to nerve 
avulsion. The C5–C6 nerve roots are suspended 
by the superior vertebral ligament and protected 
by dural sleeves and the tendinous portion of the 
anterior and middle scalene muscles as it exits 
from the intervertebral foramina [21, 22]. The 
C8-T1 roots are not supported by these structures 
and are more likely to avulse. Furthermore, 
nerves are more likely to rupture at branch points, 
where the adjacent soft tissues act as tethering 
points [23]. The supraclavicular branches of the 
upper plexus predispose rupture, whereas the 
C8-T1 roots do not have branch points and thus 
more likely to avulse [24].

 Infraclavicular Injury

Infraclavicular injuries in motor vehicle colli-
sions are less common, accounting for only 
10–12% of traumatic cases overall, but are often 
just as severe with a high incidence of concomi-
tant injury [3, 16, 25]. Twenty-three percent of 
patients have associated vascular injury, includ-
ing axillary artery rupture or segmental occlu-
sion, and 64% have concomitant fractures or 
dislocations of the humerus, clavicle, scapula, 
and shoulder. The presence of associated shoul-
der girdle trauma was predictive of increased 
severity of BPI and axonotmetic or neurotmetic 
lesions [3, 11].

Seventy-six percent of lesions are at the cord- 
terminal branch region and 24% at the division- 
cord level [3]. Internal rotation at the time of 
injury predisposed injury to the posterior cord, 
axillary, and radial nerve, and external rotation 

causes increased tension and likely injury to the 
musculocutaneous nerve [26]. Infraclavicular 
injuries are likely underreported as larger case 
series focus on operative BPI, and infraclavicular 
traction injuries are more often neurapraxic with 
a higher propensity for recovery without surgical 
intervention [11].

 Combined Injuries

More extensive injuries include “skip-level” 
lesions, which can span both supra- and infracla-
vicular lesions along with the same level or 
include involvement of non-contiguous levels 
[27]. A horizontal “skip” lesion describes an 
injury to the same root at two different levels, for 
example, combined supraclavicular and infracla-
vicular lesions spanning an intact segment in 
between. A longitudinal “skip” lesion can 
involve, for example, avulsion of C5 and C7 but 
with the C6 root being spared [27]. Although 
rare, awareness of the possibility of such lesions 
is important both for prognostication and plan-
ning surgical reconstruction.

 Open Trauma

 Gunshot Wounds

Presently, the incidence of BPI with ballistic 
trauma is low, comprising of 3–12% of all opera-
tive BPI [5, 6]. The prevalence of civilian gun-
shot wounds (GSW) is the highest in the United 
States, ranging from 9.8 to 19.9% and lowest in 
India, Canada, and Germany, ranging from 0% to 
11% [8, 11, 13, 28–30]. The extent of the injury 
is related to the type and caliber of the weapon, 
firing velocity, and presence of shrapnel [29, 31]. 
Larger caliber weapons achieve higher kinetic 
energy and cause more extensive damage to the 
surrounding tissues.

Nerve injury results from both the direct 
impact of the projectile and the secondary effects 
(heat, shock waves, and cavitation) [6, 32]. There 
is a high incidence of concomitant vascular, 
orthopedic, and soft tissue injuries, with 30% of 
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patients requiring emergent operative interven-
tion [6]. Vascular injuries include axillary artery 
pseudoaneurysms, arteriovenous fistulas, and 
expanding hematomas, which can lead to the 
continued progression or the delayed presenta-
tion of BPI [29, 33].

In contrast to traction injuries, 90% of GSW 
affect the infraclavicular plexus at the level of the 
cord or terminal branches [4, 29, 34]. Injuries at 
the cord level were most commonly to the medial 
cord (52%), followed by the lateral cord (26%) 
and posterior cords (22%) [35]. Injuries caused 
by shrapnel were more extensive, with a greater 
number of injured neural elements compared to 
bullet wounds [35]. The majority of lesions had 
some level of continuity; however, the zone of 
injury can be multi-leveled longitudinal or hori-
zontal “skip-lesions” with a variable combination 
of in-continuity lesions and complete transection. 
Only 8% of lesions with complete loss of func-
tion on preoperative physical examination was 
found to be completely transected at the time of 
surgical exploration [10]. Lower-velocity injuries 
were more often neurapraxic or axonotmetic 
injuries with the propensity for recovery, while 
high- velocity missile injuries tend to be neurot-
metic [31, 35]. The ballistic nature of the nerve 
injury makes it difficult to determine the zone of 
injury to the nerve and the extent of injury to the 
nerve. Both of these considerations make predict-
ing prognosis challenging for peripheral nerve 
surgeons. While many patients may experience 
partial spontaneous recovery, there is a benefit to 
surgical exploration if neurologic recovery has 
plateaued.

 Lacerations

Lacerating injuries to the brachial plexus are rare, 
with an incidence of 3–7% of all operative BPI 
[4, 10, 36]. Mechanisms include both sharp inju-
ries from knife or glass and blunt injuries with 
engine motor blades, metal, and animal bites [4, 
10]. Injuries are predominantly to the infracla-
vicular plexus. There are case reports of lacerat-
ing supraclavicular BPI from chainsaw kickback; 
however, these are often fatal from irreparable 

vascular injury and airway compromise and thus 
not represented in the operative BPI literature 
[37]. With sharp lacerations, the zone of injury is 
immediately discernible. Early exploration and 
repair are recommended to minimize the need for 
nerve grafts and optimize the chances of timely 
neural regeneration [36].

 Sports-Related

The most common brachial plexus injury in ath-
letes is the “burner” or “stinger,” in which the 
athlete experiences burning or stinging pain from 
the neck, radiating down the arm that lasts for 
seconds to several minutes. It is most frequently 
encountered in contact sport athletes, particularly 
those playing American football and rugby [38, 
39]. Forty-nine to 65 percent of American college 
football players experience this syndrome during 
their career [38]. Underlying cervical stenosis is 
a risk factor for the development of burners or 
stingers [40–42].

There are three different proposed mecha-
nisms for stinger-type BPI. It can occur through 
brachial plexus traction injury, brachial plexus 
root compression in the neural foramen, or direct 
impact to the brachial plexus [43]. Traction injury 
can occur when the shoulder is depressed and the 
neck is laterally flexed contralateral to the 
affected extremity [43]. Traction injuries tend to 
occur in younger athletes without a history of any 
cervical pathology or trauma [44]. Brachial 
plexus root compression is caused by hyperex-
tension and lateral flexion of the neck combined 
with a direct axial load that compresses the nerve 
root at the level of the neural foramen [45]. Direct 
impact to the brachial plexus can cause injury to 
the brachial plexus from shoulder pad compres-
sion of the plexus at Erb’s point [45]. A recom-
mendation to change the tackling technique from 
“leading with the head” to “shoulder tackling” is 
thought to contribute to an increase in BPI among 
American football players. In addition to BPI, 
cervical radiculopathy, cervical spondylosis, and 
spinal cord injury should be included in the 
 differential diagnosis of peripheral neurologic 
deficits among athletes [38].
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In addition to burners and stingers, more 
severe BPI can occur in athletes. Daly et  al. 
described three patients who suffered permanent 
brachial plexus injuries related to football [46]. 
All patients underwent nerve transfers. Two out 
of the three patients were able to regain func-
tional use of their arm; however, one patient was 
not able to regain any significant function. BPI 
can occur in non-contact athletes as well. In 
another large series of peripheral nerve injury, it 
was found that out of 16 BPI, 15 occurred in 
mountain climbers [47]. This occurred due to 
“backpack paralysis” where compression of the 
brachial plexus occurred due to the straps of the 
backpack carried by these climbers.

 Glenohumeral Dislocation

BPI can occur in conjunction with glenohu-
meral (GH) dislocation or as a result of 
attempted reduction maneuvers. The incidence 
of neurologic injury and shoulder dislocation 
varies widely, with reported frequencies rang-
ing from 5.4% to 55% [48–51]. In the largest 
series of associated injuries following a trau-
matic anterior GH dislocation, the incidence of 
associated neurological injury was 13.5% [52]. 
The likelihood of a neurologic injury was sig-
nificantly greater in GH dislocation with a rota-
tor cuff tear or greater tuberosity fracture. There 
are two primary groups of patients who suffer 
neurologic injury with GH dislocations: (A) 
young patients after high- energy trauma and 
(B) older patients who sustain low-energy 
same-level falls [52–55]. In addition to the GH 
dislocation and BPI, there are typically other 
injuries to the shoulder girdle and chest wall, 
such as fractures of the scapula, proximal 
humerus, clavicle, and first rib.

As the humeral head dislocates from the gle-
noid, the brachial plexus and peripheral nerves 
may be injured by traction and stretching or 
direct impact and compression. Stevens sug-
gested that during GH dislocation, the axillary 

nerve is stretched across the surgical neck of the 
humerus as the arm is abducted and externally 
rotated [56]. The axillary nerve may also be 
injured from direct compression between the 
humeral head and the axillary border of the scap-
ula [57]. The suprascapular nerve is also at risk 
due to its short distance from the posterior gle-
noid rim and the potential for tethering at the 
scapular and spinoglenoid notches [58]. 
Furthermore, concomitant vascular injury to the 
axillary artery or vein may result in a hematoma 
or pseudoaneurysm [53, 59, 60]. The axillary 
artery and brachial plexus travel in the same fas-
cial sheath as they course through the axilla; thus, 
any swelling from arterial injury can result in 
compression on elements of the brachial plexus 
[61]. The subsequent scar tissue can lead to fur-
ther constriction of the nerves [51]. Lastly, dam-
age to the vasa nervorum during GH dislocation 
predisposes ischemic injury, leading to demye-
lination, mesoneurial disruption, and nerve 
infarction [61].

Joint reduction attempts, specifically with 
maneuvers that apply traction to the dislocated 
upper limb and countertraction in the axilla, can 
worsen neurovascular insult from the initial dis-
location event or cause new injury [62]. In gen-
eral, reduction maneuvers should be carried out 
with adequate sedation and full muscle relaxation 
to allow the reduction to be performed without 
excessive force.

BPI from GH dislocation most commonly 
affects the infraclavicular of the plexus at the 
level of the cords and branches [63–65]. While 
the axillary nerve is often considered most at risk 
in GH dislocation [52], several studies have dem-
onstrated that injury to multiple nerves is more 
common than mononeuropathy [54, 59, 66–69]. 
Although the most commonly injured cord is the 
posterior cord, the medial cord is at a particular 
risk when the elbow and wrist are extended dur-
ing the trauma. Given the lengthy distance from 
the site of injury to the intrinsic muscles of the 
hand, injury to the medial cord after GH disloca-
tion is especially devastating to patients.
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 Iatrogenic Injury

 Patient Positioning

Brachial plexus injuries due to improper 
patient positioning occur in 0.05% of surgical 
cases [70]. Fifteen percent of all closed medi-
colegal claims from the American Association 
of Anesthesiologists are due to peripheral 
nerve injuries with brachial plexus and ulnar 
nerve injuries being the most common [71, 72]. 
The use of muscle paralysis further diminishes 
intrinsic muscle tone and predisposes non-
physiologic positions. Patients placed in prone 
positioning are at increased risk, especially 
when the shoulders are abducted greater than 
90° and externally rotated [70]. This places the 
brachial plexus under traction and compression 
between the clavicle and first rib. Lateral neck 
flexion towards the same side further com-
pounds these compressive forces. Patients in 
lateral decubitus are at risk of compression if 
the dependent arm is placed underneath the 
thorax and compressed against the operating 
Table. A roll between under the chest can off-
load direct pressure to the axilla. Careful 
patient positioning, appropriate padding of all 
bony prominences, and avoidance of non- 
physiologic positioning are crucial to prevent-
ing injury.

 Regional Anesthesia

Regional nerve blocks can provide long-lasting 
analgesia and the avoidance of a general anes-
thetic; however, it is associated with a 2.84% risk 
of nerve injury [73]. The use of ultrasound guid-
ance and nerve stimulators during regional blocks 
can help increase the accuracy of blocks and pre-
vent intraneural injection. Nerve injury results 
from direct mechanical injury to the myelin 
sheath with intraneural needle insertion, chemi-
cal injury from the local anesthetic, and pressure 
exerted by the volume of administered local 
anesthetic [74]. Intrafascicular injections with 
greater than 12 psi result in persistent neurologic 
deficits [75].

The use of long-tapered needles for injection 
produces fewer transected axons compared to 
beveled needles, as the tapered end is thought to 
push the axons away [76]. Blunt short-bevel nee-
dles are less likely to penetrate the perineurium; 
however, when injuries occur, they are more 
severe [77].

The degree of injury also varies depending on 
the location of the block (interscalene, infracla-
vicular, axillary). The median nerve was most 
frequently affected with axillary regional blocks 
due to its superficial position, followed by com-
bined median and ulnar neuropathies. Permanent 
upper trunk injuries have been reported following 
interscalene blocks [78] with periscapular atro-
phy developing within 10 days after surgery [78]. 
While the majority of regional anesthetic-related 
BPI recover spontaneously, the use of adjunctive 
modalities and prevention of intraneural injection 
are paramount.

 Laparoscopic Surgery

There is a 0.16–1% incidence of brachial plexus 
injury with laparoscopic and robotic surgery, with 
increased risk associated with longer operative 
times and steep Trendelenburg positioning [79–
81]. Shoulder braces and wrist restraints are often 
used to prevent patients from sliding from the 
operating table during steep Trendelenburg posi-
tioning. Both can predispose BPI as shoulder 
braces exert direct pressure over the acromion and 
clavicle and wrist restraints cause traction on the 
neck and shoulder [82]. Proper positioning and 
tucking arms by the patients’ side rather than in an 
abducted position and limiting Trendelenburg less 
than 30 degrees are protective against BPI [83].

 Cardiac Surgery

Intraoperative BPI is estimated at 0.2–10.6% in 
coronary artery bypass procedures [84–86]. 
Injury results from mechanical traction from ster-
notomy retractors and most commonly presents 
as either sensory disturbance in the lower C8-T1 
roots or motor deficit in the upper or middle 

K. Wu et al.



47

plexus [84]. The use of asymmetrically opening 
retractors for unilateral internal mammary artery 
harvest, cephalad retractor placement, wider 
retractor opening, and prolonged operative time 
increased the risk of BPI [86, 87]. Prolonged 
deep hypothermia for cardiopulmonary bypass 
has also been proposed as causative of ischemic 
nerve injury [88].

 Shoulder Arthroplasty

The incidence of BPI during shoulder arthro-
plasty is estimated at 1% [89]. Shoulder abduc-
tion and external rotation combined with elbow 
extension place increased strain on the brachial 
plexus. Inferior capsular release increases risk to 
the axillary nerve. The brachial plexus can be 
injured during placement of retractors, from pro-
longed compression from retractors, during the 
bony work for implant preparation and insertion, 
and during implant reduction. In reverse total 
shoulder arthroplasty (TSA), positioning of the 
humerus in greater than 45° of extension 
increased strain on all nerves except for the axil-
lary and ulnar nerve [90]. Glenoid exposure 
increased strain on all nerves except the median 
and ulnar nerve [90]. Supporting the arm from 
beneath the elbow and avoidance of prolonged 
external rotation can decrease tension on the bra-
chial plexus and peripheral nerves, particularly 
during maneuvers to manipulate the proximal 
humerus [91, 92]. Excessive limb lengthening in 
reverse TSA (particularly >2 cm) may be associ-
ated with an increase in subclinical nerve injury 
compared to anatomic total shoulder arthroplas-
ties [93, 94]. The reliance of the reverse TSA on 
deltoid strength makes avoidance of axillary 
nerve injury ever more important.

 Oncologic Etiology

 Primary Lesions

Primary brachial plexus tumors are very rare. 
Peripheral nerve sheath tumors, either neurofi-

bromas (62%) or schwannomas (38%), are typi-
cally benign [95, 96]. Neurofibromas were more 
often isolated lesions, not associated with neuro-
fibromatosis. Malignant lesions include periph-
eral nerve sheath, granular cell, synovial sarcoma, 
neurogenic sarcoma, and peripheral primitive 
neuroectodermal tumors [95]. The trunks were 
most commonly involved (48%), followed by the 
nerve roots (33%), cords or branches (15%), and 
multilevel involvement (4%) [95]. The most 
common clinical presentation was a palpable 
mass, paresthesia, or pain, with only 8% of 
patients presenting with motor deficits [95]. 
Treatment is dependent on the pathological diag-
nosis and includes both adjuvant radiotherapy 
and chemotherapy in addition to surgical resec-
tion; however, the 3-year survival is dismal at 
only 50% [96].

 Metastatic Lesions

Metastasis to the brachial plexus is exceedingly 
rare but has been reported with non-melanoma 
skin cancer and breast cancer. Patients present 
with shoulder pain, decreased range of motion, 
and malignant lymphedema. Supraclavicular 
metastasis is more common with predominantly 
upper trunk involvement [97].

 Radiation

Radiation-induced BPI is a sequela of breast, 
lung, head and neck, and nasopharyngeal cancer 
treatment [98, 99]. Standard fractionated radia-
tion doses, higher overall dose, and shortened 
treatment times are risk factors for BPI [100]. 
Radiation-induced BPI is a manifestation of late 
toxicity and can present months or years follow-
ing treatment [101]. Nerve injury occurs due to 
perineural fibrosis and demyelination [102]. With 
lung and breast cancer treatment, the infraclavic-
ular plexus is more susceptible to injury being 
closer to the focus of treatment. The suggested 
total maximum dose to the brachial plexus is less 
than 60 Gy [103].
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 Neuralgic Amyotrophy

Neuralgic amyotrophy, also known as Parsonage- 
Turner syndrome and brachial neuritis, is charac-
terized by the acute onset of painful neuropathy 
and is presumed to be autoimmune in origin 
[104]. Involvement is variable and can be limited 
to a terminal branch or involve multiple roots, 
although upper plexus involvement is more com-
mon [104]. In 90% of cases, acute pain is the first 
clinical symptom before the onset of weakness. 
In up to 50% of cases, a precipitation factor such 
as bacterial or viral infection, trauma, strenuous 
exercise, or surgery was identified occurring 
within 1 week to 1 month of onset [105]. Nerve 
injury results from focal inflammation-causing 
axonal damage and an hourglass-like constriction 
within the affected nerve [106, 107]. Generally, 
outcomes with nonoperative intervention are 
favorable, and 36% of patients recovering within 
1 year, 75% within 2 years, and 89% in 3 years 
[105].
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Biology of Nerve Injury

Jonathan E. Isaacs and Sarah M. Lamont

 Nerve Injury

Like any biological tissue, the local nerve response 
to trauma depends on the intensity and mecha-
nism of injury. However, more specific to nerve 
tissue, the physiological responses proximal to 
the injury, distal to the injury, and within the target 
organs all must be considered in understanding 
the implications towards healing and functional 
recovery. To further complicate the process, this 
healing response and potential is time dependent 
and degrades drastically with time.

The brachial plexus is vulnerable to a spec-
trum of injurious mechanisms. Blunt trauma 
directly to the supra- or infraclavicular region can 
result in acute nerve compression, while shoulder 
depression or distraction, shoulder hyper- 
abduction or flexion, and cervical deviation can 
stretch the plexus or tear, rupture, or avulse 
plexus elements. Lacerations and sharp puncture 
wounds may have a tearing component but tend 
to have more focal nerve tissue disruption. 
Finally, gunshot wounds may combine shock 
wave-induced compression and rupture with 
mechanical transection from the bullet itself and 
are particularly hard to conceptualize.  

Depending on the level of intensity, focal trauma 
disrupts connective tissue layers and blood ves-
sels and results in both acute and delayed local 
cellular responses. However, understanding the 
more “nerve-specific” biological responses 
requires an appreciation of the unique nerve anat-
omy and normal physiology (Fig. 4.1).

The anatomically distinct “peripheral nerve” 
is a bundle of cellular extensions (axons) pack-
aged in layers of connective tissue. The neural 
cell bodies from which these axons originate are 
in either the anterior horn of the spinal cord gray 
matter (motor neurons) or the proximate, but 
extra-spinal, dorsal root ganglions for sensory. 
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Fig. 4.1 The anatomy of a peripheral nerve. Myelin- 
wrapped axons run within endoneurial tubes grouped 
together within fascicles (encased with perineurium). The 
fascicles are packaged within the inner epineurium, and 
the outermost layer of the nerve is the outer epineurium. 
Blood vessels are seen running in all layers of the nerve
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Each axon runs within an endoneurial sheath, and 
multiple endoneurial sheaths are packed together 
in fascicles contained by the toughest layer 
known as the perineurium. Fascicles are pack-
aged within loose intraneural connective tissue 
(inner epineurium), and, finally, the outer layer of 
the nerve is the outer epineurium. Each motor 
axon innervates many muscle fibers via special-
ized connections known as endplates though 
there is only one mature functional endplate per 
muscle fiber. Sensory axons can innervate a vari-
ety of sensory organelles including Meissner and 
Pacinian corpuscles (fast-adapting receptors) and 
Merkel cells (slow-adapting receptors).

Many axons are insulated by a lipid-rich layer 
of myelin created and maintained by encircling 
Schwann cells (SCs). These and other SCs pro-
vide an essential supportive role to sustain  normal 
nerve physiology. Between each segment of 
myelin, an uninsulated gap, known as a Node of 
Ranvier, exposes the intramembrane voltage- 
gated ion channels responsible for generating 
action potentials from shifting electrical gradi-
ents. Under the insulating myelin, these action 
potentials are not generated so that when a signal 
travels down a myelinated nerve, the combina-
tion of very fast passive conduction (under the 
insulated nerve segments) and the slower but 
self-propagating action potentials (known as sal-
tatory conduction) allows the remarkably rapid 
transmission of signals over long nerve segments 
essential for normal sensory and musculoskeletal 
function. Finally, a rich intraneural plexus of 
blood vessels provides nutrients and oxygen nec-
essary to meet the heavy metabolic demands of 
this specialized tissue.

The lowest-energy closed injuries may not 
disrupt any specific anatomic structure. 
Neuropraxic injuries involve either loss of 
homeostasis within the intraneural tissue or focal 
loss of myelin. Increased interstitial fluid (tissue 
edema or bleeding) from disrupted or permeable 
capillaries (depending on injury severity) may 
offset the delicately balanced electrical mem-
brane gradient, affect the ability to propagate 
action potentials, or impede the delivery of nutri-
ents and oxygen. Schwann cells become meta-
bolically stressed (either due to the direct injury 

or to the altered microenvironment), and local 
myelination is lost. The net effect is conduction 
block and nerve dysfunction.

As the trauma intensity increases, the most 
anatomically vulnerable structure is the axon. 
With more tissue disturbance, damaged blood 
vessels produce visible ecchymosis, and the 
remaining blood vessels become permeable, 
allowing inflammatory cells and interstitial fluid 
accumulation. An influx of calcium releases 
membrane-bound vesicles which bridge across 
and seal off the disrupted axon ends to prevent 
the outflow of axoplasm [1], and the neuron shifts 
into “damage control” mode. The axon repre-
sents a substantial portion of the neuron, and axo-
notmesis triggers a cellular response marked by 
marginalization of the nucleus and dissolution of 
the Nissl bodies known as chromatolysis [2]. 
Many neurons (especially sensory and related to 
the level of the injury) do not survive this insult, 
and some animal reports demonstrate a 20 to 
50% neuron loss from the dorsal root ganglia [3]. 
Endogenous neuroprotectants such as heat-shock 
protein-27 (HSP27) are upregulated and promote 
neuron survival [4] possibly in relation to 
SC-derived neurotrophic factors such as neuro-
trophic growth factor and brain-derived growth 
factors [5, 6]. Within hours of the trauma, dam-
aged axons and their myelin sheaths on either 
side of the discontinuity begin a well-described 
degenerative process known as Wallerian degen-
eration (Fig. 4.2).

While the entire distal segment is affected, the 
process is more limited proximally and typically 
extends only to the first undamaged Node of 
Ranvier but can extend all the way to the cell 
body in more extreme cases [7]. An influx of 
extracellular ions such as Ca + trigger a cascade 
of events in which microtubules depolymerize, 
the cytoskeleton breaks down, and the axolemma 
(axon membrane) loses integrity resulting in cel-
lular fragmentation and leaving disorganized cel-
lular debris in place of the axon [8, 9]. The myelin 
sheath degrades within a few days as well. 
Endoneurial tubes swell for several weeks in 
response to the increased cellular activity though 
physiologic axonal continuity is lost within as 
little as 48 to 96 hours [7].
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In response to cellular stress, factors released 
by damaged axons, or loss of trophic support 
from intact axons, SCs experience a rapid pheno-
type transformation into a very different cellular 
role orchestrating the clean-up and damage repair 
[10]. As the SCs enlarge and proliferate to shift 
towards a phagocytic state, released cytokines, 
interleukins, and chemotactic proteins attract cir-
culating macrophages [11]. Histamine and sero-
tonin released by incited endoneurial mast cells 

increase capillary wall permeability providing an 
avenue for macrophage migration into the zone 
of injury and along the degenerating axons [7]. 
The macrophages further promote SC activity by 
releasing additional communicative molecules 
[12]. Both SCs and macrophages phagocytize the 
cellular debris [13, 14] as the process clears the 
endoneurial tubes to accept regeneration axons. 
At the end of Wallerian degeneration, which may 
take several weeks, macrophages may remain for 
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Axon

End organInjury

Wallerian degeneration

Cytokine & trophic factors are recalled

SCs attract macrophages

Growth cone bungner bands

OrAxon reach Tubules retract
hemorrhage
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Remyelination, reinnervation Scar tissue formation, end
organ degeneration
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Fig. 4.2 Peripheral nerve injury consequences. After dis-
ruption of the nerve by injury, Wallerian degeneration 
begins, clearing the distal and (some of) the proximal 
axon through SCs and macrophages that are attracted by 
cytokines and trophic factors. The axon regeneration 

occurs through the formation of a growth cone. Growth 
cones unable to enter an endoneurial tube do not progress 
towards an end target and form a bulbous and often pain-
ful mass of scar tissue and swirling nerve fibers known as 
a neuroma
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a longer period, die, or migrate to the lymphatic 
system [15, 16].

Greater levels of trauma disrupt deeper con-
nective tissue layers including the endoneurium 
and even the perineurium. These layers have 
some elasticity and retract to create essentially an 
internal rupture, and the intraneural gap fills with 
hemorrhage and edema. The ensuing profound 
inflammatory response attracts infiltrating fibro-
blasts which proliferate and generate dense scar 
tissue [17]. The abundant bridging scar tissue 
creates a bulbous appearance to the nerve and is 
termed a neuroma-in-continuity. The inflamma-
tory response extends beyond the nerve trunk 
resulting in gross perineural scarring as well. The 
more trauma, the more extensive the internal 
injury, tissue disruption, and fibrous response. 
The most severe insults stretch the last intact 
layer (the outer epineurium) to failure, tearing the 
nerve into two separate pieces though the tissue 
trauma still extends many centimeters from the 
point of failure often resulting in a large zone of 
injury. In these types of neurotemetic injuries, 
internal derangement, hemorrhage, and 
fibroblast- induced scarring can render large areas 
incapable of supporting axon regeneration.

 Nerve Recovery

Neuropraxic injuries can recover within minutes 
to months depending on the damage. Local meta-
bolic disruption can recover as soon as the insult 
is removed or as soon as intraneural swelling and 
ecchymosis resolve. Demyelination also can 
spontaneously resolve, and once SC function has 
stabilized, myelinating SCs will segmentally 
entubulate and wrap axons to restore physiologi-
cal insulation and saltatory conduction. Reformed 
myelin sheaths have an immature quality with 
thinner and shorter segments (more Nodes of 
Ranvier per unit length) so that conduction veloc-
ity typically does not quite return to normal 
[18].  Within minutes of transection and well 
before the completion of Wallerian degeneration, 
neurons start downregulating maintenance genes 
(neurotransmitter production decreases, neurofil-
aments necessary to sustain axonal diameter 

decrease) and upregulating pro-regenerative 
genes [19]. Production of proteins (such as tubu-
lin and actin) and lipids increases in preparation 
for cell repair [20]. This neuron phenotype shift 
is in part stimulated by withdrawal of end target-
derived trophic factors (normally retrograde 
transported to the neuron cell body) [21] as well 
as SC and macrophage-derived neurotrophic fac-
tors and cytokines and is marked by the forma-
tion of a growth cone. The growth cone may be 
stimulated by the calcium influx seen immedi-
ately after injury and is formed by newly gener-
ated cytoskeleton and microtubules that fill the 
advancing cone. Stable microtubules aligned in 
parallel bundles serve as tracks for organelle 
transport (laminins or extracellular matrix pro-
teins) to support the growing axon. This essential 
supply chain carrying building materials from the 
neuron cell body to the elongating tip is one rea-
son for the clinically slow regeneration rates in 
human patients [22].

SCs shift from a phagocytic to a regenerative 
support role and, in addition to releasing neuron- 
stimulating neurotrophic factors, form longitudi-
nal columns within the endoneurial space. These 
rows of SCs, referred to as Bands of Büngner, 
deposit channels of basal lamina inset with adhe-
sion molecules such as (but not limited to) lam-
inin that forms the essential guidance tracts for 
regenerating axons [23, 24]. Laminin is a glyco-
protein attached to type IV collagen, proteogly-
cans, and entactin within the basal lamina. As the 
basal lamina becomes thicker, the endoneurial 
lumen becomes more narrow [25], and late in the 
Wallerian process, many endoneurial tubes 
appear to have collapsed [7].

Drawn by the neurotrophic factors, multiple 
small finger-like filopodia project from the 
growth cone to search the local microenviron-
ment for these guidance cues within the basal 
lamina [26, 27]. Each axon tip still generates 
multiple exploratory axon branches though as 
these branches reach significant interference or 
enter tracts lacking neurotrophic support, they 
prune back. The remaining branches progress, 
and the narrowed endoneurial tubes expand to 
allow their passage [7]. Coincident neovascular-
ization of the injury site is stimulated by vascular 
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endothelial growth factor (VEGF) [28] and is 
necessary to rebuild the damaged circulatory net-
work and meet the metabolic demands of the 
regenerating tissue.

For pure axonotmetic injuries in which the 
majority of endoneurial tubes are intact, the stim-
uli for axonal elongation are enough and the 
axons merely follow the intact pathways towards 
appropriate targets. Not all axons need to regen-
erate for normal or near normal recovery as 
regenerating axons can reinnervate (at least in 
animal models) up to five times the original num-
ber of muscle fibers [29]. With increasing levels 
of trauma, however, internal guidance is lost, and 
relative to the injury, axonal impeding scar tissue 
will have formed. Though SCs and growth cones 
release proteases and plasminogen activators and 
can grow through some scar tissue [30, 31], this 
effect is limited, and the interruption of defined 
pathways necessitates some level of neuron guid-
ance if the axons are to reach any, and even more 
challenging – the correct, target. The greater the 
disruption, the more obstacles to accurate axonal 
regeneration and the slower and less likely mean-
ingful end target reinnervation. Patient-specific 
differences (such as age) and the distance from 
the nerve cell body are also factors affecting 

nerve regeneration rates (proximal injuries regen-
erate faster than distal injuries).

Axonal guidance is one of the more controver-
sial topics of nerve regeneration and may be best 
appreciated by differentiating neurotrophism (or 
nerve growth stimulation) from neurotropism (or 
nerve growth guidance) and from end-organ 
specificity (the tendency for a neuron type to 
grow towards the appropriately matched target) 
(Fig. 4.3).

Neurons are stimulated to form growth cones 
and to elongate by neurotrophic factors. Axons 
are directed and encouraged to elongate along a 
specific course by guidance cues such as the lam-
inin and fibronectin within the SC basal lamina 
(neurotropism). At the same time, aberrant axo-
nal growth is discouraged with growth inhibitors 
such as chondroitin sulfate proteoglycans [32]. 
SCs may also be target or end-organ specific – 
motor axons are supported by motor SCs and 
sensory axons are supported by sensory SCs 
(though experimental manipulation of this rela-
tionship has confirmed the ability of SCs to adapt 
their phenotypes to either axon source) [33]. 
Differences in SC generated guidance cues, and 
neurotrophic factors may direct axons towards 
specific targets. This theory is supported by the 

End organs

Sensory (skin)

Motor (muscles)

S

M

S

M

Motor reinnervation, axon
reaches muscle

Correct matching

Incorrect matching

Motor SC tubules

Sensory SC tubulesInjured motor axon

Regenerating axons

Fig. 4.3 The axonal 
guidance process. 
Branches of regenerating 
motor axons seem to 
have a preference for 
motor endoneurial tubes 
but can enter correct 
(motor) and incorrect 
(sensory) endoneurial 
tubes. Once correct end 
target contact is 
established, misdirected 
branches prune back
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observation that sensory and motor neurons 
express distinct receptors [34] and end-organ- 
specific proteins have been demonstrated in 
motor versus sensory nerve basal lamina [35]. 
However, mismatching grafts (sensory nerve 
graft for motor regeneration) do not affect regen-
eration, somewhat diminishing the clinical 
importance of these biological distinctions [36].

Some researchers believe that motor neurons 
demonstrate more innate end-organ specificity 
than sensory nerve fibers [37]. This effect, termed 
preferential motor regeneration, has been demon-
strated in animal studies. In a rodent model in 
which corresponding dorsal root ganglia were 
excised (eliminating any competing regenerating 
sensory axons), more motor axons regenerated 
down motor nerve paths than sensory nerve 
paths. Additionally, the axons regenerating into 
sensory pathways had greater collateralization 
suggesting an exploratory effort – as if the axons 
detected that they were on the wrong path and 
were trying to identify the correct path. The num-
ber of collaterals decreased, however, once cor-
rect end target contact was established (but not 
with “incorrect” contact and not when contact 
was prevented by transecting distal nerve tracts) 
[38]. This suggests that there are two phases to 
preferential motor reinnervation. Initially, path-
way interactions draw more motor axons into 
motor tracts, and later, muscle contact must pro-
vide a retrograde feedback signal to promote fur-
ther motor regeneration.

If enough intraneural disruption has occurred 
or if the nerve has completely ruptured, no mean-
ingful spontaneous axonal regeneration can 
occur. Untreated, the undirected axons swirl 
around themselves and become entangled in the 
scar tissue in a bulbous neuroma. The distal 
stump also generates abundant scar tissue but, 
lacking axons, is referred to as a glioma. The pur-
pose of surgical resection of damaged, scarred, 
and neuromatous tissue and surgical nerve repair 
is to remove the obstacles to axonal elongation 
and present opportune endoneurial tubes to 
receive and guide elongating axons. One key fac-
tor to functional recovery is obviously how many 
axons traverse the remaining (intraneural) gap 
and enter target matched tubes.

 Reinnervation

Once meaningful contact is achieved with a 
motor target or sensory organelle, the neuron and 
SCs both go through another transition. The neu-
rotrophins are downregulated (unnecessary axon 
branches are resorbed) though contact with an 
appropriate end target is not adequate for func-
tional recovery, and the axon and its myelination 
must go through a maturation process of varying 
temporal length. The axon thickens, and myelina-
ting SCs wrap around the axons to entubulate and 
form segments of myelin initially indicative of 
immature myelination. The SCs enter a mainte-
nance state to support normal nerve function. 
Sensory organelle reinnervation seems to be 
more specific than motor reinnervation [37], and, 
while it is difficult to tell if a sensory organelle 
has been innervated by the wrong sensory axon, 
cortical remodeling will typically allow reestab-
lishment of muscle function regardless of initial 
motor neuron-muscle circuitry.

 Temporal Degradation 
of the Healing Process

Inadequate axonal guidance and other imped-
ances to regeneration aside, time is the most sig-
nificant factor in realizing functional sensory or 
motor reinnervation. Several researchers have 
offered convincing evidence that there is a tem-
poral waning of axonal regeneration from the 
proximal stump, a loss of neurotrophic support 
within the distal nerve stump, and a loss of rein-
nervation potential in both chronically dener-
vated muscle and sensory organelles. In rodent 
models, the number of regenerating axons 
begins to decrease after a 2-month repair delay 
with a precipitous drop by 6 months [39]. With 
chronic denervation of the distal stump, endo-
neurial tubes contract and suffer an accumula-
tion of axon-inhibiting chondroitin sulfate 
proteoglycans [40]. Neurotrophic levels drop 
[41], and guidance cues degenerate until eventu-
ally, the bands of Büngner disappear [22, 42] 
possibly most likely in response to a degrada-
tion of SC function. With prolonged loss of 
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axon contact, SCs enter a senescent state of 
inactivity. In this permanent state, SCs fail to 
proliferate and cease expressing pro-regenera-
tive cytokines and neurotrophic factors [43]  – 
they do not support axon regeneration. However, 
the mechanism of failed motor recovery is more 
complex, and in chronic denervation models, 
axons may regenerate to the muscle fibers but 
not form synapses [44].

Denervated muscles undergo a rapid and pro-
gressive atrophic process marked by loss of mus-
cle mass, muscle fiber cross-sectional area 
(CSA), force generation, and stamina. Depending 
on the muscle and species, this loss of muscle 
mass (40% at 3  months [45], 50% at 1  month 
[46], 66% at 5 weeks [47]) and fiber CSA (76% 
at 5  weeks [47], 75% at 4  weeks [46]) can be 
quite substantial. A corollary loss of contraction 
strength is well recognized, and stimuli only pro-
duce 25% or less normal muscle contraction 
force within 3  months of denervation in small 
animal models [46, 48]. Human muscle experi-
ences an approximately 50% loss of muscle fiber 
CSA within 2 to 3 months [49] though maximal 
contraction force of human denervated muscles 
has not been measured.

Muscle fibers function as a syncytium of fused 
nucleated cells [50]. With “denervation atrophy” 
these multinucleated muscle fibers lose size, 
nuclei, and contractile proteins [29, 51, 52]. 
Initially, a pool of reparative myoblast-like satel-
lite cells (residing beneath the muscle basal lam-
ina) are upregulated – proliferating, fusing into, 
and bolstering the shrinking muscle fibers [53–
57]. While these mechanisms can temporarily 
maintain recovery potential, negative muscle 
changes become more pronounced with time, and 
consequently the longer a muscle takes to rein-
nervate, the poorer the final motor recovery [53, 
58]. Though a complete physiologic explanation 
as to why this preservation process degrades with 
time is lacking, theories include irreversible 
changes to intracellular proteins and an eventual 
exhaustion of the satellite cell pool [29, 53, 58]. 
With “end-stage” denervation atrophy, the mus-
cle fibers necrose and fragment, and the muscle 
tissue is completely replaced with fibrotic adi-

pose tissue. The relative role of loss of neural 
stimulation versus the loss of trophic factors 
(from axonal interaction) in reaching this stage 
remains controversial [59].

Unlike muscle, sensory organelles such as the 
Meissner corpuscle can persist for years or 
degenerate and blend with surrounding dermal 
tissue. For instance, 40 percent of corpuscles 
remained after toe transplantation compared to 
normal toe pulp [60]. In general, sensory reinner-
vation is more difficult to analyze, and histologic 
findings do not necessarily correlate with exam 
findings [61].

 Summary

The inconsistent and generally suboptimal clini-
cal outcomes following major peripheral nerve 
and brachial plexus injuries are reflective of the 
biological challenges of axon regeneration. 
When axon regeneration is not necessary (as in 
neuropraxia), results are favorable, and when 
controlled axonal regeneration (axonotometic 
injuries with intact endoneurial tubes) is possi-
ble, at least some functional recovery can be 
expected. As the severity of the intraneural con-
nective tissue disruption increases, however, 
fibroblast- induced scarring, endoneurial tube 
separation, and lack of intact guidance channels 
all compromise nerve recovery. Neurotrophic 
stimulation typically evokes a strong healing 
attempt. However, though well described, the 
innate ability of the body to direct axon elonga-
tion towards an appropriate (and correct) target 
is more limited. This mismatch between neuron 
regeneration and the ability of axons to traverse 
the zone of injury often results in neuromatous 
changes along the nerve or at the end of nerve 
stumps associated with full-thickness nerve rup-
ture. Compounded by temporal related degrada-
tion of the robustness of axonal regeneration, the 
ability of distal nerve stumps to support regen-
eration, and the resilience of target end organs, 
the obstacles to functional recovery are often not 
overcome and certainly not without surgical 
intervention.
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Epidemiology of Adult Traumatic 
Brachial Plexus Injuries

Juan Manuel Breyer, Pamela Vergara, 
and Alfonso Perez

Adult traumatic brachial plexus injuries (BPI) are 
devastating lesions. These injuries both signifi-
cantly affect function and daily living activities 
and also have a substantial social, economic, and 
psychological impact, creating lifelong disabili-
ties. Epidemiological studies of traumatic BPI 
are critical for addressing the magnitude of the 
problem, determining the characteristics of the 
affected individuals in order to create prevention 
plans, and adequately allocating healthcare 
resources to treat and rehabilitate BPI patients. 
Unfortunately, there is a lack of epidemiological 
studies in this area, and the few studies are mainly 
focused on treatment and prognosis.

Although the true incidence of traumatic BPI 
is uncertain [1–3], there is concern that these 
complex injuries are increasing in frequency. 
This is partially due to high-speed motor vehicle 
accidents being more commonly observed, espe-
cially in urban areas. Fortunately, traumatic BPI 
are still uncommon. Even though the available 

literature about incidence is based on estimates, 
they are as uncommon as complex neurologic 
injuries. For example, BPI are 9 times less fre-
quent than spinal cord injuries and almost 30 
times less frequent than brain injuries [3]. The 
varying rates of BPI incidence in the general pop-
ulation have been described, based on the country 
or area studied. The estimated annual incidence 
of BPI in the general population lies between 
0.17/100,000/year in Japan [4] and 1.6/100,000/
year in the United States [5], with intermediate 
rates being reported worldwide: for example, 
Switzerland, 0.3–0.75 [6]; Czech Republic, 0.2 
[7]; United Kingdom, 0.2 [8]; Serbia, 1.0 [9]; and 
Brazil, 1.5 [10].

When specific groups are studied, traumatic 
BPI have a significant relevance, representing 
4.2–5% of injuries in the multitrauma setting. 
Snowmobiling and other high-risk and high- 
speed sports (i.e., skiing or snowboarding) 
account for 3–4.8% of injuries [3].

It is unquestionable that traumatic BPI repre-
sents a significant economic burden for patients 
and for health systems. Compared to other 
peripheral nerve injuries (PNI), traumatic BPI are 
the most care-consuming peripheral nerve inju-
ries of the upper extremity [11], with higher 
direct treatment costs and inpatient lengths of 
stay. Furthermore, the costs of hospital treatment 
for upper extremity PNI and BPI have dramati-
cally increased in the United States between 1993 
and 2013 [1, 2]. The average nominal cost of 

J. M. Breyer (*) 
Orthopedic Surgery – Hand Surgery Unit, Hospital 
del Trabajador, Santiago, RM, Chile 

Orthopedic Surgery – Hand Surgery Unit, Clinica 
Alemana de Santiago, Santiago, RM, Chile 

P. Vergara · A. Perez 
Orthopedic Surgery – Hand Surgery Unit, Hospital 
del Trabajador, Santiago, RM, Chile 

Orthopedic Surgery – Hand Surgery Unit, Clinica Las 
Condes, Santiago, RM, Chile

5

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69517-0_5&domain=pdf
https://doi.org/10.1007/978-3-030-69517-0_5#DOI


64

treatment for PNI and BPI increased from 
$10,000 to $15,000 per case to $20,000 to 
$30,000 per case, respectively [1].

There is limited information about the indirect 
cost from the patients’ perspectives; however, 
Hong et  al. estimated the indirect cost (sum of 
short-term and long-term wage losses plus dis-
ability payments). Given that the majority of 
patients in the United States with BPI are young, 
male, manual workers (mean 26  years, with a 
mean annual wage of $36,590 for year 2018), 
they estimated a median indirect cost of $801,723 
during productive lifetime [12].

 Patients

Narakas, in his seminal 1985 paper, described the 
demographics and etiology of traumatic BPI. As 
he noted, these injuries occur predominantly in 
young male patients in the context of road traffic 
accidents [6]. The male predominance was con-
sistently repeated in subsequent studies [13–16]. 
A recent systematic review and meta-analysis by 
Kaiser et  al. included ten studies conducted in 
eight countries (3032 patients) which described a 
pooled male prevalence of 93% with a male/
female ratio of 13.3:1 [4]. The same meta- 
analysis showed traumatic BPI affecting mainly 
young patients, with a pooled mean age of 
28.9 years (studies ranging from 23 to 34 years). 
Jain et al. studied 304 surgically treated patients 
in India, finding a mean age of 24, with nearly 
45% of patients between 21 and 30 years old and 
25% between 31 and 40 years old [17]. Another 
large case series of 406 surgically treated BPI in 
Brazil reported an average age of 28.4  years 
(range 9–67) [13]. These observations are com-
parable to the results of Li et al. in China (mean 
age 29, range 1–73) [16] and Songcharoen et al. 
in Thailand (mean age 23, range 2–53) [14].

There is no information explaining the marked 
tendency of BPI occurrence in younger male 
patients; however, it is likely due to increased 
exposure to risky behaviors culminating in road 
traffic accidents. In contrast, female patients are 
less frequently involved in both road traffic acci-
dents in general and motorcycle accidents spe-

cifically [18]. In the latter, females show a more 
consistent helmet use, and alcohol intoxication is 
less common than in male patients [19]. All of 
these contexts provide additional explanations 
for the gender and age differences.

 Associated Injuries

Traumatic BPI frequently occurs in polytrau-
matic contexts; thus they have a high frequency 
of associated injuries, ranging from 54% to 70% 
of patients [3, 17, 20]. Closed head injuries are 
the most common associated injuries (25–70%), 
ranging from minor concussions to coma (up to 
19%). Concomitant spine fractures have been 
described for 5–68% of BPI patients, with cervi-
cal spine fractures being the most common. 
Combined traumatic BPI and spine cord injuries 
have been documented in 2–12.5% [3, 21] of 
patients. Upper limb fractures are frequently 
reported (17–55%), as well as lower limb frac-
tures (19–33%). Other important associated inju-
ries include thoracic cavity injury (pneumothorax, 
pulmonary contusions, and rib fractures) in 
36–52% of patients, shoulder girdle injury (10–
52%), and upper extremity vascular injuries 
(5–19%) [3, 17, 20, 21].

 Psychosocial Impact of Brachial 
Plexus Injuries

Despite significant advances in the surgical treat-
ment of traumatic BPI over the past two decades, 
this type of injury can lead to a severe and perma-
nent upper extremity dysfunction. These patients 
report significantly worse outcomes in quality of 
life and related outcomes than the normal popu-
lation, across physical, psychological, social, and 
environmental domains of quality of life ques-
tionnaires [22].

Pain is a common and debilitating problem for 
patients with traumatic BPI.  Ciaramitaro et  al. 
reported 77% of BPI patients with high levels of 
pain, with 90% of them describing neuropathic 
pain. This correlated with higher depression lev-
els (Beck depression inventory) and low quality 
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of life (Short form-36) [23]. These devastating 
injuries also affect patients in terms of financial 
status, employment, independence with daily liv-
ing, body image, and psychological distress [24]. 
As a result, patients have high prevalence of post-
traumatic stress disorder (19%) and depression 
(19%). Significantly, one-third of patients have 
experienced suicidal ideation [25].

 Etiology

 Closed Injuries

The leading cause of BPI is closed trauma in 
more than 90% of cases [4, 6, 26], with reports 
ranging from 72.9% [15] to 99.3% [17]. This 
variability in the reported prevalence of closed 
BPI can be explained by the studied populations, 
their geographical conditions, the center where 
patients were treated, or series, including opera-
tive and non-operative treated patients. For 
example, Kim et al. in their series of 1019 surgi-
cally treated patients (30-year period) in 
Louisiana, USA, described the lower rate of 
72.9% of closed BPI, probably due to the high 
rate of gunshot wounds (GSW) found in this 
series (16.9%) [15], an uncommon finding com-
pared to other series [4].

The main etiology of closed BPI is road traffic 
accidents. Already in 1985, Narakas (Switzerland) 
described in his series of 1068 patients a 70% of 
BPI related to road traffic accidents, with 70% of 
them as a result of motorcycle or bicycle accidents 
[6] (Table  5.1). Even though Narakas’s classic 
work and his 70s rules are still considered valid 
today, newer studies suggest that the proportion of 

closed BPI related to road traffic accidents might 
be increasing. Kaiser’s meta-analysis reported 
81% of BPI cases as related to road traffic acci-
dents (67% motorcycles, 14% cars) [4], with most 
of studies ranging from 60% to 91% [7, 9, 14, 17]. 
Mirroring this meta-analysis, motorcycles are the 
main cause involved among road traffic accidents, 
ranging from 46% to 82% [13, 14, 16]. It is impor-
tant to note that a low rate of 22% of BPI has been 
described related to motorcycle accidents (Midha 
et al., Canada). This low rate is likely due to char-
acteristics of the studied population, those of the 
Multitrauma Center, and the relatively low number 
of motorcycles in Toronto [3].

Other less common causes (less than 10%) 
include fall from a height, pedestrians versus 
motor vehicle accidents, sports-related injury, 
traction by machinery, and fall of heavy object on 
shoulder [7, 14, 17]. Sports-related BPI have 
been described in contact sports (i.e., American 
football or rugby) and during recreational activi-
ties like snowmobiling. A specific brachial plexus 
injury has been described during these activities, 
termed “stingers” or “burners.” These injuries are 
supposed to be a type of neuropraxia of the cervi-
cal roots or a transient brachial plexopathy. 
Among football players, the incidence of stingers 
during one season is estimated to be 26% [27] 
with a prevalence of 62%. There is a wide spec-
trum of presentations, and it is probably underes-
timated, considering that only 59% of the 
episodes of stingers are reported [27], because 
most of them (63.8%) have spontaneous and full 
recovery in less than 24 hours [28]. Similarly, the 
incidence of stingers among rugby players during 
one season has been reported as high as 20.9%, 
with a prevalence of history of a previous stinger 
of 33.9% [29].

Another source of BPI comes from snowmo-
biling, which has become a popular winter sport 
in North America, and along with the more fre-
quent use of snowmobiles are increases of related 
injuries. Each year, in North America, snowmo-
bile accidents are responsible for approximately 
200 deaths and 14,000 injuries [30]. BPI repre-
sent 3% of snowmobile-related injuries [31], 
causing 3 to 4.8% of all brachial plexus injuries 
in North America [3].

Table 5.1 Law of the Seven Seventies of Narakas [6]

70% of brachial plexus injuries are caused by traffic 
accidents
70% of traffic accidents are associated with 
motorcycles or bicycles
70% of these patients have multiple lesions
70% have supraclavicular injuries
70% of these cases will have at least one avulsion
70% of patients with avulsions will have commitment 
to the lower trunk
70% of avulsion patients will have persistent pain
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 Open Injuries

Brachial plexus lacerations, gunshot wounds 
(GSW), or iatrogenic injuries are less commonly 
associated with BPI and represent only 3% of 
patients undergoing surgical repair, according to 
the meta-analysis of Kaiser et al. [4]. GSW rates 
show significant variability between series from 
different countries, which can be explained by 
cultural, historical, and geopolitical circum-
stances. GSW rates as low as 0.7%, 1%, and 
2.7% have been reported in India [17], China 
[16], and Thailand [14], respectively, compared 
with rates of 11–25% reported in the USA [15], 
Canada [3], and Brazil [10].

 Work-Related Injuries

There is limited information in the literature 
about the mechanism of work-related injury 
related to BPI.  Our institution, Hospital del 
Trabajador (a worker’s compensation hospital), 
Santiago, Chile, focuses on worker accidents 
and diseases, and more than 90% of our BPI are 
worker compensation-related cases. During a 
10-year period (2009–2018), 145 BPI cases 
were treated, and after excluding road traffic 
accidents (62% of patients), the most frequent 
causes were traction injuries with machinery at 
22% (belt line, rollers), falls at ground level at 
20%, direct blows at 15% (falling construction 
materials, tree trunks, machine pistons, etc.), 
and falls from height at 18% (construction scaf-
folds, stairs).

 Type of Injury

When considering the anatomic location, the 
most frequent traumatic BPI are supraclavicular. 
Although Narakas described 70% of BPI being 
supraclavicular injuries [6], more recent studies 
have shown an increase in this type of injury, 
with rates closer to 90% (range 78–98%) [4]. 
Infraclavicular injuries are both less frequent 
(10%) and also have a more favorable prognosis, 

with lower rates of patients requiring surgery 
[32–34].

With regard to the cervical roots of each type 
of injury, supraclavicular BPI usually have two 
types of pattern: partial or complete. Partial inju-
ries usually affect the C5 and C6 or the C5, C6, 
and C7 roots; partial injuries affecting only C8 
and/or T1 are rare. Complete refers to injuries 
affecting all five roots. Complete supraclavicular 
BPI lesions are the most complex injuries to treat, 
frequently with incomplete functional recovery 
of the upper extremity and associated with poor 
outcomes [6, 33, 35]. Injuries involving all five 
roots are unfortunately frequent; the meta- 
analysis of Kaiser et al. described supraclavicular 
lesions in 53% of BPI (reports ranged from 43% 
to 64%) [4, 14, 16].

Regarding incomplete supraclavicular BPI 
(45%), upper-middle trunk (C5, C6, and C7) 
involvement is seen in 86.7% of incomplete 
lesions. Isolated lower trunk is only present in 
13.3% [4]. Li et al. detail 511 operatively treated 
BPI, with 78% involving the upper and middle 
trunk (34% upper trunk exclusively) and 22% 
involving the middle and lower trunk (6% iso-
lated LT) [16].

Root avulsion represents the most severe type 
of injury, and since repair or grafting is impossi-
ble, the only alternative to restore distal nerve 
function is nerve transfer. The frequency of 
avulsed roots is difficult to establish, based on 
diagnostic method (i.e., CT myelography, MRI) 
or operative findings. Narakas described 70% of 
patients having at least one root avulsion (70% of 
avulsions were lower trunk). Later studies have 
found ranges between 66% and 89% [14, 17]. The 
predilection of avulsions for lower trunk could be 
explained by the frail connective tissue attach-
ments of the lower roots to the transverse process, 
as compared to upper and middle trunk roots. 
Cases with all five roots avulsed represents the 
worst possible scenario for BPI patients, because 
there is no possible spontaneous recovery and 
there are only few available therapeutic options. 
This condition, according to the previously cited 
meta-analysis from Kaiser et  al., was present in 
26% of the patients with traumatic BPI [4].
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 Conclusion

Traumatic brachial plexus injuries occur more 
frequently in young male patients. Most are 
closed lesions caused by road traffic accidents 
(motorcycles) involving the supraclavicular 
plexus. Open lacerations and gunshot wounds are 
less common among civilian populations.

As BPI represent a significant burden for 
patients and health systems, more epidemiologi-
cal studies are required to fully comprehend the 
characteristics of the affected patients in order to 
create prevention policies and to adequately 
assign healthcare resources.
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Brachial Plexus-Associated Injuries

Lauren Dutton and Nicholas Pulos

 Introduction

The majority of patients with brachial plexus 
injuries suffer multiple trauma [1–4]. The high- 
energy mechanisms of injury frequently lead to 
concomitant trauma to vascular and musculo-
skeletal structures. Traumatic brain injury (TBI), 
chest wall trauma, spine fractures and spinal cord 
trauma, damage to potential extraplexal nerves 
and full-thickness rotator cuff tears wall have all 
been described [5–9].

Surgeons must be knowledgeable about con-
comitant injuries for two reasons. First, in the 
acute period, heightened suspicion for and accu-
rate diagnosis of associated injuries can improve 
the initial treatment and potentially save life or 
limb. Further, distracting injuries can make diag-
nosing a brachial plexus lesion difficult and lead 
to delays in treatment. Second, when time to plan 
for brachial plexus reconstruction arrives, failure 
to recognize associated injuries may interfere 
with the planned procedure or lead to difficulties 
with rehabilitation. This chapter reviews the 
available literature on trauma associated with 
brachial plexus injuries from a reconstructive 
surgeon’s point of view.

 Vascular Injury

The incidence of major vascular injury in patients 
with brachial plexus injuries has been reported to 
be between 10% and 28% [1, 2, 10, 11]. The inci-
dence of these combined injuries depends on 
what the authors report as the primary insult or 
denominator. Subclavian or axillary vascular 
injuries occur in approximately 56% of patients 
with a brachial plexus injuries, while brachial 
plexus injuries occur in approximately 43% of 
patients with a subclavian or axillary vascular 
injury [12, 13]. While injury to the subclavian or 
axillary vessels is most common, other injured 
vessels include the internal carotid artery and 
brachial, radial and ulnar arteries. Combined 
injuries of the brachial plexus and major vascula-
ture may occur either as a result of direct injury to 
both structures or compression of the brachial 
plexus by an expanding haematoma secondary to 
the vascular injury [14]. Prolonged ischemia of 
the limb can also cause permanent neurologic as 
well as muscular damage, so an early accurate 
diagnosis of concomitant vascular injury is 
paramount.

A distal pulse on physical exam does not pre-
clude the presence of a concurrent vascular 
injury. The axillary artery has six branches, 
which may provide collateral circulation to the 
upper extremity. Therefore, a low threshold for 
conventional angiography should exist in patients 
with suspected vascular trauma. Later, MR 
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 angiography or CT angiography may provide 
beneficial information regarding the patency of 
the subclavian artery, axillary artery and collat-
eral circulation (Fig. 6.1). For patients undergo-
ing reconstruction with a free functioning muscle, 
patency of the thoracoacromial trunk is assessed 
preoperatively with angiography to determine its 
suitability as a donor vessel [15, 16].

During the initial resuscitation, consultation 
with a vascular surgeon should be obtained to 
prevent prolonged ischemia time. Combined vas-
cular and brachial plexus injuries may occur in 
the presence or absence of concomitant osseous 

injury. Following blunt trauma, many of these 
injuries have been associated with glenohumeral 
dislocations and proximal humerus fractures 
[17]. This may necessitate temporary shunting 
and fracture stabilization prior to definitive vas-
cular repair. While the indications for acute bra-
chial plexus exploration are few, open treatment 
of concomitant vascular injuries may allow the 
brachial plexus surgeon an opportunity to visual-
ize the injury, repair (if cleanly lacerated) or tag 
any nerve structures for later identification. The 
primary concern in the acute setting, however, is 
limb reperfusion with or without skeletal 
stabilization.

Huang et  al. compared the functional out-
comes of patients with brachial plexus injury 
with and without concomitant vascular injury. 
Patients with an associated vascular injury were 
more likely to have suffered a pan-plexus lesion 
and other upper extremity injuries. The vascular 
injury group was more likely to require nerve 
grafting, whereas the control group was more 
often treated with nerve transfers. At final follow-
 up, only 43% of patients with a combined bra-
chial plexus and vascular injury achieved 
antigravity biceps function compared to 73% of 
the patients who suffered a brachial plexus injury 
alone [18].

 Spine and Spinal Cord Trauma

Spine fractures and spinal cord trauma make up 
the second most common concomitant injury in 
brachial plexus patients [19]. The frequency of 
brachial plexus injury in patients with known spi-
nal cord trauma is reported to be between 0.6% 
and 1.8% [9]. There is less data, however, detail-
ing the prevalence of spinal cord trauma in 
patients with a known brachial plexus injury [20]. 
Rhee et al. reviewed 255 adult patients who were 
evaluated for a traumatic brachial plexus injury, 
and 31 (12.2%) were found to have a concomi-
tant injury of the spinal cord itself [9].

An accurate diagnosis of a brachial plexus or 
spinal cord injury can often be delayed following 
polytrauma, and the neurologic deficits imparted 
by each of these injuries may obscure the prompt 

Fig. 6.1 Vascular injury. CT angiogram demonstrating 
occlusion of the distal segment of the left subclavian and 
proximal axillary artery at the level of the lateral edge of 
the second rib as well as multiple rib fractures in a 
15-year-old patient who sustained a concomitant brachial 
plexus injury after a sledding accident. In addition to spi-
nal accessory nerve transfer to the musculocutaneous 
nerve via sural nerve grafting, the patient also underwent 
reconstruction of the axillary artery
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and accurate diagnosis of the other [9]. Spine 
radiographs may reveal cervical fractures which 
put the spinal cord at risk or transverse process 
which is associated with root avulsions. Most 
commonly, the brachial plexus injury is initially 
unrecognized, while attention is focused on the 
spinal cord injury [21]. Unfortunately, the diffi-
culty in identifying the concomitant brachial 
plexus injury frequently leads to a delay in diag-
nosis. Grundy and Silver reported that a diagno-
sis of a brachial plexus injury was delayed in 
55% of patients, and Rhee et al. reported a mean 
time from injury to consultation at a brachial 
plexus clinic to be 9.1 months [9, 22].

Like the brachial plexus injury population in 
general, combined injuries are frequently seen in 
younger individuals, with the most common 
mechanism of injury being a high-speed motor-
ized accident involving a motorcycle, automobile 
or other motorized vehicles (Fig. 6.2) [8, 9, 22–
24]. In a large series of patients with combined 
injuries of the brachial plexus and spinal cord, 
40–71% of these injuries were caused by motor-
cycle crashes [22, 23]. When the vehicle involved 
is an automobile, frequently the patient was not 
wearing a seatbelt at the time of the incident.

The classic brachial plexus injury mechanism 
of forcible separation of the head and neck from 

the shoulder via lateral flexion of the cervical 
spine may simultaneously result in a fracture of 
the thoracic spine and ribs (Fig.  6.3) [22]. The 
injury to the spinal cord itself may occur with lat-
eral flexion injuries, as noted in one small case 
series [10], or hyperextension [9]. The exact 
mechanism of injury and forces that can lead to 
concurrent injuries to the brachial plexus and spi-
nal cord are not fully understood.

Narakas reported in his series of cases with 
concomitant cervical spine trauma and brachial 
plexus injury that root avulsions were present 
83% of the time, with nearly half of these patients 
having three or more roots avulsed from the spi-
nal cord [23]. Some authors have hypothesized 
that an injury which primarily results in a trau-
matic root avulsion may secondarily cause an 
injury to the spinal cord itself. Flannery and 
Birch [25] lend support to this hypothesis by cit-
ing the four cases of incomplete Brown-Sequard 
syndrome reported by Narakas [23] that were 
attributed to haematoma formation within the 
canal. In their own two patients, the authors 
observed spinal cord lesions that were due to 
compression of the cord by a combination of CSF 
and haematoma. Both patients had appreciable 
return of function of the spinal cord but incom-
plete recovery of the brachial plexus lesions. 

a b

Fig. 6.2 Cervical spine injury. CT scan demonstrating a 
right-sided facet fracture at C6–C7 in a 15-year-old boy 
who was the passenger in a high-speed motor vehicle 

accident for which he underwent ACDF. The patient also 
had a contralateral brachial plexus injury

6 Brachial Plexus-Associated Injuries



72

Nordin and Sinisi [12] reported on three patients 
presenting with preganglionic injuries of the bra-
chial plexus that led to a partial Brown-Sequard 
syndrome. They described two distinct pregan-
glionic injuries. In a peripheral intradural pregan-
glionic rupture, the lesion occurs in the intradural 
course of the nerve root leaving central stumps. 
In a central preganglionic avulsion, the roots tear 
directly from the cord with central nervous tissue 
attached to the avulsed root leaving a resultant 
defect in the cord. The latter represents an injury 
to the central nervous system because it results in 
scarring within the spinal cord and has been esti-
mated to cause a partial Brown-Sequard syn-
drome in 2–5% of patients with brachial plexus 
injuries. Russell and Mangan [26] presented a 
single case of brachial plexus avulsion injury and 
an associated subarachnoid haematoma that rup-
tured into the subdural space, ultimately causing 
cord compression.

In cervical cord injuries, paralysis is easily 
attributable to the spinal cord, and the brachial 
plexus injury may be masked by a co-existing tet-
raplegia [27]. Among patients who become para-
plegic following combined injuries to the brachial 
plexus and spinal cord, as many as one in three 

may not achieve their expected level of indepen-
dence due to the upper extremity paralysis attrib-
utable to the brachial plexus injury [22]. The 
consequences of missing or delaying the identifi-
cation of a brachial plexus injury in the setting of 
spinal cord injury may be significant as many of 
the treatment options to maximize upper extrem-
ity function are time dependent [15].

A thorough physical examination, including 
evaluation of the upper and lower extremity 
reflexes, should be performed to rule out a con-
comitant upper motor neuron injury in presumed 
brachial plexus injuries [15]. Failure to properly 
account for a concomitant spinal cord injury in 
the setting of brachial plexus injury can lead to 
poor results, and the spasticity arising from the 
upper motor neuron lesion may compromise tar-
get sensorimotor function [9].

The use of intraplexal and extraplexal nerve 
transfers, tendon transfers, and free functioning 
muscles has been described for these patients to 
achieve enough strength for self-transfers and 
activities of daily living. Results of these inter-
ventions may be inferior to those seen in patients 
without associated spinal cord injuries, and 
expectations should be tempered [28].

Fig. 6.3 Mechanism of brachial plexus injury. The clas-
sic brachial plexus injury mechanism of forcible separa-
tion of the head and neck from the shoulder via lateral 

flexion of the cervical spine may simultaneously result in 
a fracture of the thoracic spine and ribs
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 Chest Wall Trauma

Injury to the chest including pneumothorax, 
hemothorax and lung contusions is of immediate 
concern in patients who present with blunt 
trauma. The principles of Advanced Trauma Life 
Support provide an algorithm to avoid missing 
these potentially life-threatening injuries. 
Ipsilateral rib fractures occur in approximately 
one-third of patients with brachial plexus inju-
ries, and intraparenchymal lung injuries are 
reported in a similar number of patients (Fig. 6.4) 
[2, 3, 8, 29].

In addition to the life-threatening nature of 
chest wall trauma, critical evaluation of the chest 
is critical for the brachial plexus surgeon plan-
ning reconstruction. Injuries to the intercostal 
(ICN) and phrenic nerves have been reported to 
occur in conjunction with brachial plexus injuries 
[8, 22]. One study of 153 patients undergoing 
brachial plexus reconstruction reported a 10% 
incidence of phrenic nerve palsy [8]. The most 
common mechanism of injury for these patients 
with combined brachial plexus and chest wall 
injury was motorcycle accidents.

Inspiration and expiration chest radiographs 
or fluoroscopy of the diaphragm can evaluate the 
function of the phrenic nerve. However, dia-
phragm paralysis may also be seen with pregan-
glionic injuries to the C5 nerve root. High-quality 
posteroanterior chest radiographs as well as dedi-

cated rib films may identify rib fractures. 
Nevertheless, Kovachevich et al. found that nerve 
transfer using intercostal nerves was successful 
in 92% of patients despite concomitant chest wall 
trauma. Concurrent rib fractures were not found 
to be a risk factor for the overall rate of complica-
tions after intercostal nerve transfers for treat-
ment of the brachial plexus injury, although rib 
fractures were found to be associated with a 
decreased likelihood of nerve viability [8]. This 
was in contrast to previous studies that had iden-
tified chest wall trauma, including ipsilateral rib 
fractures and phrenic nerve palsy, as a contraindi-
cation to ICN transfers [30, 31].

Injury to the spinal accessory nerve in the set-
ting of brachial plexus palsy imparts added func-
tional limitations to the patient, but may also 
render the nerve unable to be used for brachial 
plexus reconstruction [5]. In one study of 357 
patients with stretch injuries of the brachial 
plexus, accessory nerve palsy was diagnosed in 
6% of these patients with upper or complete bra-
chial plexus palsy [5]. There were no patients 
with concurrent injuries of the lower brachial 
plexus and accessory nerve, and nearly one-third 
of patients with an accessory nerve injury also 
sustained a clavicle fracture. Complete recovery 
of the accessory nerve was seen in all seven 
patients who demonstrated contraction of the 
upper trapezius muscle with intraoperative elec-
trical stimulation.

 Scapulothoracic Dissociation

Scapulothoracic dissociation involves a laterally 
displaced scapula with separation of the acromio-
clavicular joint, sternoclavicular joint or clavicle 
fracture [32–34]. Motorcycle and motor vehicle 
accidents are the most common mechanism of 
injury followed by falls from heights and indus-
trial accidents [35].

This junctional injury is essentially an internal 
forequarter amputation with intact skin, with dis-
ruption of osseous, muscular, vascular and neuro-
logic structures [36]. Physical examination is 
often notable for asymmetric shoulder swelling 
and palpable shoulder girdle injuries. The limb is 

Fig. 6.4 Chest wall trauma. 3D reconstruction of a chest 
wall CT in this 74-year-old patient who sustained a bra-
chial plexus palsy as well as right first through sixth rib 
fractures, left first through fifth rib fractures, a right clavi-
cle fracture, and multiple spine fractures following a 
motorcycle injury
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pulseless in nearly all cases with only 10% of 
patients having been reported to have limb- 
threatening ischemia [37, 38]. A thorough neuro-
logic examination should be documented in 
patients who are able to cooperate.

This high-energy distraction injury may be 
initially diagnosed on an anteroposterior chest 
radiograph. The degree of scapular lateralization 
is measured by comparing the distance from a 
thoracic spinous process to the medial border of 
both scapulae. An increased displacement of 
greater than 1  cm or an increased ratio of the 
affected to the normal side (greater than 1.29) is 
concerning for scapulothoracic dissociation [38, 
39]. Dedicated radiographs of the clavicle or AC 
and SC joints should also be obtained to aid in the 
radiographic diagnosis (Figs. 6.5 and 6.6) [40].

In the acute setting, consultation with a vascu-
lar surgeon will aid in the need for angiography 
or other imaging modalities. Again, an open vas-
cular repair permits the brachial plexus surgeon 
the opportunity to evaluate the extent of the neu-
rologic injury. Compared to axillary or brachial 
artery injuries, patients with subclavian artery 
disruption are significantly more likely to suffer 

preganglionic nerve injuries [41]. Osseous stabi-
lization not only protects any vascular repair or 
reconstruction and minimizes further trauma to 
soft tissues and neurovascular structures but also 
provides a stable shoulder girdle to support a cos-
metic or functional prosthesis should the patient 
undergo amputation in the future. Ipsilateral frac-
tures of the humerus, radius, ulna and/or hand 
occur in more than 40% of patients [37].

Historically, patients with a scapulothoracic 
dissociation and preganglionic nerve injuries 
were treated with transhumeral amputation and 
shoulder arthrodesis [40]. Advances in nerve sur-
gery have changed the algorithm, and once the 
emergent needs of a patient with scapulothoracic 
dissociation are addressed, management of the 
neurologic injury is similar to other injuries of 
the brachial plexus.

Functional outcomes in following scapulotho-
racic dissociation are worse than those following 
isolated brachial plexus injuries alone [18, 42]. 
Zelle et al. followed 25 patients for an average of 
12.6  years following scapulothoracic dissocia-
tion. During their initial hospital stay, three 
patients died from their injuries and six patients 
required an above the elbow amputation. Of the 
patients who underwent brachial plexus recon-
struction, approximately half had suffered a pan- 
plexus injury. These patients were more likely to 

Fig. 6.5 Scapula and Clavicle Fractures. Chest x-ray of a 
24-year-old man who sustained a gunshot wound to the 
right neck for which he sustained multiple injuries includ-
ing disruption of the subclavian artery and fractures of the 
scapular body, clavicle, transverse process of C7 and first 
and second ribs. He underwent free functioning muscle 
transfer for treatment of the concurrent brachial plexus 
injury

Fig. 6.6 Scapula fracture. Left shoulder x-ray of a 
19-year-old man who sustained a brachial pan-plexopathy 
as well as a left scapula fracture for which he underwent 
surgical fixation
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have worse physical and mental component 
 summary scores on the Short Form-36 as well as 
poorer subjective shoulder function compared to 
those with partial brachial plexus lesions. The 
authors conclude that the functional outcome of 
patients with scapulothoracic dissociation 
depends primarily on the extent of the neurologic 
injury [38].

 Other Musculoskeletal Injuries

Overall, fractures and dislocations are the most 
common associated pathology in patients with 
brachial plexus injury [2, 11, 29]. Conversely, 
peripheral nerve injuries are rare following 
extremity trauma and occur in less than 2% of 
patients. Crush injuries, dislocations and scapula 
fractures are more likely to be associated with a 
concomitant nerve injury [19, 43, 44]. In the set-
ting of a brachial plexus injury, fractures to the 
scapula and clavicle occur with similar frequency 
to other long bone fractures in the ipsilateral 
extremity [2].

When treating concomitant long bone frac-
tures, the effect of the brachial plexus injury 
should be taken into consideration. Brien et  al. 
followed 21 patients with brachial plexus injuries 
and ipsilateral humeral shaft fractures. Of the 11 
fractures treated non-surgically, there were 5 
nonunions, 2 delayed unions and 2 malunions. In 
contrast, all three fractures that were treated with 
compression plating united [45]. Non-surgical 
treatment with functional bracing of isolated 
humeral shaft fractures remains a popular treat-
ment with a low complication rate, but higher 
non-union and malunion rate than surgery [46–
49]. However, in addition to soft tissue compres-
sion and gravity, fracture bracing relies on active 
muscle contraction to maintain alignment, which 
is often limited in patients with brachial plexus 
injuries. Another advantage of compression plat-
ing of humeral shaft fracture is that it maintains 
length and allows for early range of motion to 
keep shoulder and elbow joints supple while 
awaiting reinnervation or reconstruction.

Restoration of shoulder abduction and exter-
nal rotation is considered the second priority in 
brachial plexus reconstruction (see previous 
chapter). One study identified that nearly one in 
ten patients with a traumatic brachial plexus 
injury sustained a concomitant tear of the rotator 
cuff [6]. Among these patients, those with infra-
clavicular brachial plexus injuries had a signifi-
cantly higher rate of full-thickness tears of the 
rotator cuff. Obviously, failure to identify and 
address rotator cuff pathology can lead to subop-
timal shoulder function regardless of reinnerva-
tion. Surgeons should have a low threshold to 
assess for each of these conditions with a thor-
ough history, physical examination and appropri-
ate imaging when formulating a treatment plan 
[50]. Open or arthroscopic rotator cuff repair is 
appropriate in these patients to maximize strength 
and functional outcomes [51]. However, a multi-
disciplinary team should consider the rehabilita-
tion for each procedure so as not to interfere with 
healing of either the rotator cuff or brachial 
plexus reconstruction.

 Traumatic Brain Injury

At the time of injury, the majority of patients will 
experience a brief loss of consciousness [3]. Up 
to one-third of patients with brachial plexus inju-
ries will suffer more serious concomitant head 
trauma or coma [2, 11, 19, 29]. Coma and head 
trauma are associated with an increased risk of 
avulsion injuries and complete brachial plexus 
lesions [19].

One study identified a peripheral nerve 
injury in over one-third of traumatic brain 
injury (TBI) patients and a brachial plexus 
injury in 10 percent of patients. Alarmingly, no 
patient complained of neuropathy or weakness 
to clue the physician into the diagnosis [52]. 
Obtaining electrodiagnostic studies in coma 
patients is of little utility as it is unlikely that a 
brachial plexus reconstruction would be per-
formed until the patient is able to comprehend 
his or her injury. However, for polytrauma 
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patients who have awaken from coma, a thor-
ough neurologic exam of the upper extremities 
is imperative to identify a brachial plexus injury 
in a timely fashion.

To date, no groups have reported their out-
comes following brachial plexus reconstruction 
in patients who suffer TBI specifically. 
Anecdotally, TBI patients have severe difficulty 
understanding and comprehending the poten-
tially complex reconstructions or non-anatomic 
nerve transfers to activate function. The diagno-
sis of TBI is broad and encompasses a spectrum 
of disability. Similarly, brachial plexus injuries 
are heterogenous, and it is difficult to make any 
meaningful comparisons between TBI patients 
and those who suffer brachial plexus injuries in 
the absence of head trauma. Importantly, the bra-
chial plexus surgeon should be aware of the high 
incidence of head trauma in these patients and 
consult with physical medicine and rehabilitation 
colleagues as well as physical and occupational 
therapists if there is any concern that a patient 
may not be able to sufficiently participate in reha-
bilitation prior to commencing a complex 
reconstruction.

 Conclusion

Brachial plexus injuries occur in 4 to 5 per cent of 
polytrauma patients depending on the mecha-
nism of injury [19]. Motorcycle, motor vehicle 
and winter sports accidents should heighten the 
suspicion of trauma teams to a concomitant bra-
chial plexus injury in polytrauma patients, espe-
cially in the setting of shoulder girdle fractures. 
Distracting injuries frequently delay the accurate 
diagnosis of a brachial plexus lesion.

For the brachial plexus surgeon, associated 
injuries may affect a planned brachial plexus 
reconstruction or lead to difficulties with reha-
bilitation following treatment. The most common 
concomitant injuries are long bone and shoulder 
girdle fractures, but vascular injuries, spinal cord 
lesions and traumatic brain injuries can nega-
tively affect the prognosis following reconstruc-
tion and lead to long-term disability.
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Examination of the Adult Brachial 
Plexus Patient

Brittany N. Garcia, Angela A. Wang, 
and Alexander Y. Shin

Examination of the patient with a brachial plexus 
injury (BPI) is the foundation for early diagnosis 
as well as determining the outcome of surgical 
intervention(s) [1–3]. Examination needs to be 
performed in a standardized method that is 
detailed and complete. The goal of clinical exam-
ination of a new brachial plexus patient is to 
ascertain the location of the nerve injury (pregan-
glionic vs postganglionic, and if postganglionic – 
trunk, division, cord, or terminal branches) and 
the severity of the injury (partial or complete). 
Examination of the patient should be done as 
soon as feasible to ascertain a baseline exam for 
comparison in the future to determine if there is 
spontaneous recovery. Ideally, the exam is per-
formed by the same examiner each time to allow 
for consistency in exam styles. A global neuro-
logical exam of the upper and lower extremity is 
necessary to rule out spinal cord lesions [4].

Careful systematic motor and sensory exam 
should be performed and recorded. To facilitate 
record keeping, variations of Merle d’Aubigne’s 
data sheet have been used [5] (Fig. 7.1). Our pref-

erence is to use the Mayo Clinic Brachial Plexus 
Exam Record [6] (Fig.  7.2). The tabular form 
allows easy comparison of prior examinations 
and a systematic exam to be recorded. Serial 
examinations over the first several months after 
injury can assist in determining if there is ongo-
ing recovery and the prognosis for spontaneous 
functional recovery.

The British Medical Research Council 
(BMRC) muscle grading system and its many 
variations have been used for decades in the eval-
uation of muscle strength [6–9] (Table 7.1). The 
BMRC grading has received quite a bit of criti-
cism, and its modifications have resulted in diffi-
culties in comparing outcome studies. While 
there are many inherent limitations of the BMRC 
grading, it remains an easy-to-use system that has 
not been able to be replaced. There are important 
limitations that need to be understood about the 
BMRC grading system, however. In a study com-
paring BMRC grade to normalized torque mea-
surements for elbow flexion or extension in 
brachial plexus injury patients, Shahgholi et  al. 
demonstrated that patients who had been graded 
by experienced examiners as having BMRC 5 
actually had less than 42% of the normal strength 
fulfilled [10]. In order to make the BMRC grad-
ing more precise, it has been our convention that 
a greater grade cannot be obtained unless the cri-
teria of the lesser grade are obtained [11]. For 
example, in order to be a grade 3, active motion 
must be equal to passive motion. A grade 4  cannot 
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be assigned unless there is full active range of 
motion equal to passive range of motion and 
there is resistance strength. Addition of a + or – is 
assigned to further qualify the strength as a weak 
grade 4 or a strong grade 4. Manual muscle test-
ing of every muscle of the upper extremity can be 
performed easily in about 6–10  minutes and 
recorded. It is important that the examiner be 
consistent in grading strength no matter what 
modification is used. When reporting motor 
strength, the conventions used should be accu-
rately detailed to avoid confusion.

 Clinical Exam

Clinical exam commences as soon as the sur-
geon meets the patient. The patient’s gait and 
stance should be noted (for spinal cord injury). 
While obtaining the patient’s history, the sur-
geon should observe the face, the ipsilateral eye-
lid, and pupils (for Horner’s sign), the manner in 
which the patient holds his head (traumatic torti-
collis), as well as the manner of speech and how 
alert and oriented the patient is (closed head 
injury).

LEFT BRACHIAL PLEXUS

Name:
Address:
Date & type of accident:
Diagnosis:
Horner:
Date of examination:

Christ. name: Born on:
Insurance:

Occupation:

Vascular lesions:
Mobility of diaphragm:
Myelography:

TinelRhomb.
C5

Serratus ant.

Post.

Lat. deltoid

Biceps

Brachialis E.C.R

Triceps

F.C.R

Pronator

2 3
Flex. dig.
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Opp.
pol.

A.P.B.

Fl.
pol.
br.

Add.
pol.

Add. V

Int. dor. I

Palm

Interossei
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Flex.
pol.
long.

Flex.
dig.

Prof.

2

3
4

5

4 5

P.L
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A.P.L E.P.B

E.P.L.

F.C.U

Latissimus dorsi

Pectoralis major

Supra-
spinat

Infra-
spinat

Supinator

Teres maj.
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radialis

Ext.
dig.

comm.
ET

proprii

Ant.

C6
C7

M0

S0

M1

S1

M2

S2

M3

S3

M4

S
Paresthesis

Hyperesthesia
Dysesthesia

M5

S4

C8

T1Trapez.

EMG:

Fig. 7.1 The findings of clinical exam need to be accurately documented. The d’Aubigne Brachial Plexus Data Sheet 
is one example of motor and sensory documentation [5]
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Brachial Plexus Nerve Muscle Record
Page 2 of 4

Provider: Pager:

Brachial Plexus Currently involved Left (L) Right (R) Both (B)
Tinel’s in Neck
Horner’s Sign
Diaphragm
EMG
Pain

DATE

Side Involved
Examiner

C3, C4,  XI Upper trapezius
C3, C4,  XI Middle trapezius
C3, C4,  XI Lower trapezius
C(3), C(4), C5 Levator scapulae
C4, C(5) Rhomboids
C(5), C6 Supraspinatus
C(5), C6 Infrapinatus
C(5), C(6), C(7) Serratus anterior
C5, C6 Teres major
C5, C6 Subscapularis
C5, C(6), C7 Clav.  pect. major
C6, C(7), C(8), T1 Stern.  pect. major
C6, C7, C8, T1 Pect. minor
C6, C(7), C8 Latissimus dorsi
C(5), C6 Biceps & Brachialis
C5, C6, C7 Coracobrachialis
C(5), C6 Deltoid anterior
C(5), C6 Deltoid middle
C(5), C6 Deltoid posterior
C5, C6 Teres minor
C7, C(8), T1 Pronator quadratus
C(6), C(7) Pronator teres
C(6), C(7) Flex. carpi rad.
C7, C(8), T1 Flex. dig. prof. II, III
C7, C(8), T1 Flex. dig. sup.
C7, C(8), T1 Palmaris longus
C7, C(8), T1 Flex. pol. long
C6,  C7, C(8), T1 Flex. pol. brev. (long)
C6,  C7, C(8), T1 Abd. pol. brev.
C(8), T(1) Opponens pollicis
C8, T1 Lumbricales, 1, 2
C6,  C(7), C8 Triceps
C(5), C6 Supinator
C(5), C6 Brachioradialis
C(6),  C(7) Ext. carpi  rad. long.
C6,  C7, C8 Ext. carpi  rad. brev.
C(7), C8 Ext. carpi ulnaris
C(7), C8 Ext.  dig.  com.
C(7), C8 Ext.  dig. minimi
C(7), C8 Ext.  ind. prop.
C(7), C8 Ext.  pol.  longus
C6,  C(7) Ext.  pol. brev
C6,  C(7) Abd. pol. long.
C7, C(8), T1 Flex. carpi uln.
C7, C(8), T1 Flex. dig. prof. IV, V
C8, T(1) Abd. dig. minimi
C(8), T(1) Add. pol.
C8, T(1) Opp. dig. minimi
C(8), T(1) 1 Dorsal interosseous
C(8), T(1) 2 Dorsal interosseous
C(8), T(1) 3 Dorsal interosseous
C(8), T(1) 4 Dorsal interosseous
C8, T1 1 Palmar interosseous
C8, T1 2 Palmar interosseous
C8, T1 3 Palmar interosseous
C8, T1 Lumbricales 3,4
C8, T(1) Flex. pol. brev. (short)

Others

C3

C4
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3C4
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Grade Degree of Muscle Strength Descriptive Term
0 = Zero No palpable contraction  Nothing

1 = Trace Muscle contracts,  but part  does not 
move Trace

2 = Poor Partial movement of part with gravity 
eliminated

With gravity 
eliminated

3 = Fair Muscle moves the part through full range 
of motion against gravity  Against gravity

4 = Good Full range of motion against gravity plus 
added resistance  Near normal

5 = Excellent Normal strength Normal

Key Note on Legend  bar for draw tool
 Roots    

  X    =     Avulsion
  O    =     Rupture
  ==  =     Stretch

JOINT       Active Passive
Shoulder

flex     
ext       
abduct
ext. rot
int. rot 

Elbow
flex    
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Preoperative Findings
Date Exam / Study Findings Name / Initial

Preoperative Electrophysiologic Findings

Fig. 7.2 Mayo Clinic Brachial Plexus Nerve Muscle Record is another example of a data sheet that allows for evalua-
tion over time. (With permission of the Mayo Foundation)
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There are two main components to the exam: 
sensory and motor (which includes active and 
passive range of motion).

 Sensory Exam

Though subjective, the sensory examination is an 
important component of evaluating patients with 
brachial plexus injuries. In combination with an 
accurate motor exam, a comprehensive sensory 
exam assists the clinician with identifying the 
affected nerve roots and level of injury in bra-
chial plexus patients and allows for evaluation of 
recovery over time. Sequential sensory exams 
should be performed and systematically recorded 
at each visit using tools such as the Merle 
d’Aubigne data sheet or Mayo Clinic Brachial 
Plexus Nerve Muscle Record (Figs. 7.1 and 7.2).

Different types of peripheral sensory receptors 
exist and relay somatosensory information such 
as light touch, pain, temperature, proprioception, 
and pressure to the sensory cortex. The most 
common way to evaluate sensory function in 
BPIs is to test the patient’s ability to detect light 
touch. This is done with the patient’s eyes closed 
and applying a stimulus directly to the skin – typ-
ically by the pad of the examiner’s finger or with 
a light brush or cotton swab. If desired, pin prick 

can be used to evaluate sharp and dull sensation 
as well as ability to sense pain [12]. Intact or 
absent sensation can be compared to that of the 
contralateral limb. Patients may be asked to scale 
the amount of intact sensation using numbers 
0–10 or percentages in order to compare exami-
nations over time. Several types of sensory symp-
toms may be experienced by patients such as 
paresthesia, anesthesia, hyperesthesia, and dyses-
thesia. The quality of sensory symptoms should 
be noted and documented.

Given anatomic variability and overlapping of 
peripheral nerve distributions, the most accurate 
way to evaluate sensation (autonomic function) 
in patients with brachial plexus injuries is to 
examine the specific “autonomous zones.” Nerve 
roots supply specific dermatomes; however, sen-
sation to a single dermatome can have overlap 
from adjacent nerve roots [13]. Autonomous 
zones are small, distinct areas of skin where there 
is minimal to no overlapping of sensory innerva-
tion by a specific nerve root. Evaluating the 
affected limb in these particular zones allows for 
the most accurate clinical evaluation of intact vs 
insensate sensory function [13, 14]. The autono-
mous zones of the upper extremity used for eval-
uation are illustrated in Fig. 7.2.

 Tinel’s Sign

Determining the presence of Tinel’s sign is a 
very important physical exam maneuver in bra-
chial plexus patients. This exam maneuver has 
been validated in patients with supraclavicular, 
closed traction injuries and should be performed 
both at the time of initial injury and then during 
each subsequent follow-up visit [1, 15, 16]. It 
can be useful for detecting acute nerve lesions 
and later used to follow regeneration. In the 
acute setting, a strongly positive Tinel’s sign at 
the location of an expected lesion can indicate 
that axons are ruptured rather than avulsed. In 
this setting the examiner can lightly tap over the 
posterior triangle of the neck. A positive Tinel’s 
sign will elicit pain down to the level of the 

Table 7.1 The British Medical Research council system 
of grading muscles

Grade Original description [9]
Commonly used 
description [8]

M0 No contraction No contraction
M1 Return of perceptible 

contraction in proximal 
muscles

Very minimal or 
trace contraction, 
no motion of part

M2 Return of perceptible 
contraction in both 
proximal and distal 
muscles

Joint moves with 
gravity eliminated

M3 All important muscles 
against resistance

Joint moves 
against gravity

M4 All synergistic and 
independent movements 
are possible

Joint moves 
against resistance

M5 Complete recovery Normal
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85

elbow in the case of C5 nerve lesions, the radial 
forearm and thumb in C6 lesions, and dorsal 
hand in C7 nerve lesions [16]. In the case of a 
neuropraxia or a conduction block, Tinel’s sign 
will be absent, and in the setting of axonotmesis 
or neurotmesis, Tinel’s sign will be present. 
Tinel’s sign can assist with prediction of the clin-
ical course of brachial plexus injuries. The 
examiner should lightly tap in a distal to proxi-
mal direction over the course of the affected 
nerve. The site at which the patient experiences 
paresthesias, such as pins and needles over the 
nerve, corresponds to the level of regeneration of 
axons. When compared to nerves that are 
repaired, the sign will progress at a quicker rate 
than in the setting of axonotmesis [16].

 Sensory Outcomes and Monitoring 
Recovery

In addition to determining and recording the 
quality of pain, the visual analogue scale (VAS) 
can be used to monitor a patient’s pain over time. 
Patients may rate their pain on a scale of 0–10 
quantifying the severity. Patients may also be 
administered the Disability of the Arm, Shoulder, 
and Hand (DASH) questionnaire to better evalu-
ate the disability experienced secondary to pain 
symptoms. Higher DASH scores are associated 
with greater levels of disability and poorer out-
comes [17].

When evaluating sensory recovery in patients 
treated for brachial plexus injuries, several grad-
ing systems exist. The Medical Research Council 
from the work of Highet and Seddon developed a 
more widely used system for determining sen-
sory recovery [15, 16]. This system focuses on 
pain and tactile sensibility and grades sensory 
recovery from S0 (absence of sensation in the 
respective autonomous zone) to S4 (total recov-
ery of sensation in the involved zone) (Table 7.2). 
More subtle findings include evaluation of vaso-
motor and sudomotor (response of the sweat 
glands) fiber function in the recovering limb. 
Observation of the color, texture, and tempera-
ture of the palms of the hands can provide infor-
mation to the surgeon regarding recovery of these 

functions. Sensory exam findings should be cor-
related with nerve conduction findings to deter-
mine if they are consistent with preganglionic or 
postganglionic injuries.

Table 7.2 The modified highet classification [15, 16]

Sensory 
recovery 
outcome Highet s2PD m2PD

Recovery of 
sensibility

Failure S0 – – No recovery 
of sensibility 
in the 
autonomous 
zone of the 
nerve

Poor S1 – – Recovery of 
deep 
cutaneous pain 
sensibility 
with the 
autonomous 
zone of the 
nerve

S1+ – – Recovery of 
superficial 
pain 
sensibility

S2 – – Recovery of 
superficial 
pain and some 
touch 
sensibility

S2+ – – As in S2, but 
with 
overresponse

S3 >15 mm >7 mm Recovery of 
pain and touch 
sensibility 
with 
disappearance 
of 
overresponse

Good S3+ 7–15 mm 4–7 mm As in S3, but 
with good 
localization of 
the stimulus 
and imperfect 
recovery of 
2PD

Excellent S4 2–6 mm 2–3 mm Complete 
sensory 
recovery

Sensory recovery outcome (failure, poor, good, excel-
lent); Highet classification (S0–S4), static two-point dis-
crimination (s2PD), moving two-point discrimination 
(m2PD), and sensibility recovery. Source: Mackinnon and 
Dellon
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 Motor Exam

There are three parts to the motor exam: (1) 
observation of muscle atrophy, (2) measurement 
of passive and active range of motion (shoulder, 
elbow, wrist, thumb, and fingers), and (3) manual 
motor testing of the muscles of the upper 
extremity.

Observation of the patient’s face, eyelids, 
shoulder girdle (trapezius, rhomboids, scapula), 
and upper extremity is done relatively rapidly. 
Asymmetries in eyelids may be consistent for 
Horner’s syndrome which is associated with T1 
preganglionic injuries (Fig. 7.3). Observation of 
the injured side can demonstrate atrophy of the 
trapezius (spinal accessory nerve injury) 
(Fig.  7.4), sternocleidomastoid (high spinal 
accessory nerve injury), and rhomboid (C4, C5 
avulsion), scapular malposition (long thoracic 
nerve injury, scapulothoracic dissociation), or 
torticollis (severe paraspinal muscle injury) 
(Fig.  7.4). Observation of gait abnormalities or 
difficulties standing or balancing can be indica-
tive of spinal cord injury that would require fur-
ther evaluation.

After observation, active and passive range of 
motion of the shoulder, elbow, forearm, wrist, 
and fingers is performed. Conventions for mea-
surement of motion have been previously 
described by the American Association of 
Orthopedic Surgeons (AAOS) [18]. Typically 
motion of the shoulder is evaluated first. Passive 
range of motion for forward flexion, abduction, 
extension, and external and internal rotation is 
performed and recorded. While measurement of 
shoulder forward flexion and abduction is fairly 
simple to perform, there are some inconsistencies 

in the literature regarding external and internal 
rotation measurement. External shoulder motion 
in the brachial plexus exam is measured with the 
upper arm adducted to the body, elbow flexed 90 
degrees, and hand directly in front of the body. 
This is the neutral rotation position. External 
rotation is measured with the elbow at 90 degree 
flexion both actively and passively. If the patient 
does not have active elbow flexion, the examiner 
maintains elbow flexion at 90 degrees for the 
patient. Internal rotation is controversial as it has 
been measured by which vertebrae the patient 
can touch on his back or a degree from the neutral 
rotation position. The body blocks internal rota-
tion measurements between 45 and 120 degrees 
when trying to use the convention of the elbow 
flexed to 90 degrees; thus, estimation of internal 
rotation is performed. If the patient allows his 
arm to be placed on the small of his back, internal 
rotation is approximately 110–120 degrees. 
While internal rotation is not often a motion 
restored by reconstructive surgeries, it should be 
measured.

Elbow range of motion of flexion and exten-
sion is fairly consistent and easy to obtain. 
Forearm rotation is measured with convention 
that neutral rotation is when the elbow is flexed 
90 degrees and the thumb is pointed to the ceil-
ing. It is important to measure the distal radius 
and ulna in pronation and supination and not the 
hand, as there are intercarpal pronation and supi-
nation which can overestimate the motion of the 
forearm. Wrist flexion, extension, and digital 
motion should be recorded as defined by the 
AAOS guidelines [18]. Any limitations of motion 
should be noted and evaluated appropriately (i.e., 
radiographs to evaluate for heterotopic bone, 
fractures, malunions, hardware issues, disloca-
tions, etc.).

Once motion is recorded, a detailed and sys-
tematic clinical examination of a majority of the 
muscles in the upper extremity is performed. The 
patients should be undressed from the waist up 
(for females have a sports bra/tank top) to allow 
visualization and palpation of the muscle tested. 
It is important for the examiner to be cognizant of 
trick motions that patients often use and learn to 
compensate for paralyzed muscle [19]. Even for 

Fig. 7.3 Horner’s sign of the left eye demonstrating pto-
sis and meiosis. (Copyright Mayo Foundation 2004)
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the expert surgeon, use of an exam template is 
recommended, to ensure there are not any missed 
muscle groups or exam parts. It is our preference 
to use the Mayo Clinic Brachial Plexus Nerve 
Muscle Record sheet (Fig. 7.2), which systemati-
cally lists muscle groups by nerve innervation 
and allows for easy serial exam referencing and 
recording. Some muscles are difficult to grade or 
examine consistently (i.e., serratus anterior, teres 
major) or cannot be readily examined (pectoralis 
minor, coracobrachialis) or have other muscle 
groups that perform the same function and are 
difficult to isolate (infraspinatus, supraspinatus, 
deltoid). This makes it even more imperative to 
have a consistent examiner and method of 
examination.

Exam is performed by examination of muscles 
in order of innervation from lowest cervical root 
to the first thoracic root. Thus, shoulder, chest, 
back, elbow flexors, wrist flexors, elbow exten-
sors, wrist extensors, and hand function are 

examined sequentially. This nicely follows the 
Mayo Clinic Brachial Plexus Nerve Muscle 
Record.

Trapezius function (cranial nerve XI, spinal 
accessory nerve) is evaluated with a shoulder 
shrug, observing from both anterior and poste-
rior sides (Fig.  7.5). Symmetry is evaluated as 
well as the strength of cephalad motion. The 
superior, middle, and lower trapezius function is 
recorded. Levator scapulae (dorsal scapular 
nerve) are not often examined; however, when it 
is examined, the head is rotated away from the 
injured side and flexed. The patient is then asked 
to position his head in neutral rotation and flex-
ion. Weakness is consistent with dorsal scapular 
injury. Rhomboids (dorsal scapular nerve) are 
tested by having the patient attempt to touch his 
shoulder blades together, and symmetry is 
observed. While subtle, rhomboid paralysis can 
lead to a slight tilting of the head toward the 
injured side.

Fig. 7.4 Patient with severe brachial plexus injury with trapezius weakness from spinal accessory nerve injury with 
torticollis secondary to trauma to paracervical muscles
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The shoulder is one of the most complicated 
joints to examine secondary to the numerous 
muscles about the shoulder with often similar 
functions. This needs to be considered when try-
ing to isolate specific muscles. The supraspinatus 
(suprascapular nerve) is evaluated by forward 
flexing and/or abduction of the shoulder typically 
below 90 degrees of forward flexion or abduc-
tion. Occasionally, the supraspinatus is powerful 
enough to give the patient full shoulder forward 
flexion and abduction. The infraspinatus (supra-
scapular nerve) is evaluated by holding the arm 

adducted to the body with the elbow flexed 90 
degrees and asking the patient to externally rotate 
his shoulder (Fig. 7.6). The serratus anterior mus-
cle (long thoracic nerve) is a complicated muscle 
to examine. Its purpose is to stabilize the scapula 
against the posterior thorax when the arm is for-
ward flexed or abducted. Isolated serratus ante-
rior palsy is relatively easy to examine, as the 
scapula wings when the patient loads the forward 
flexed arm (exam is performed by asking patient 
to do a push-up against the wall) (Fig.  7.7). 
However, as part of a brachial plexus injury, this 

a b

c

Fig. 7.5 The trapezius 
is examined by having 
the patient shrug his 
shoulders (a, b). As well 
as with resistance (c)
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exam finding can be subtle. The inferior corner of 
the scapula is palpated, and the examiner’s fin-
gers are held over it. The examiner’s other hand 
pushes the shoulder posteriorly (Fig. 7.8). If the 
serratus anterior has function, the inferior corner 
and scapula are felt to stabilize against the tho-
rax. If the serratus does not function, the inferior 
corner and scapula are pushed posteriorly.

The subscapularis muscle (upper and lower 
subscapular nerves) is an internal rotator of the 
shoulder along with the teres major and latissi-
mus dorsi. To isolate the subscapularis muscle, 
the palm of the hand is placed on the abdomen, 
the elbow is brought anterior (to neutralize the 
latissimus dorsi and teres major), and the patient 
is asked to push his hand into his abdomen while 
the examiner resists this maneuver (Fig. 7.9). The 
teres major (lower subscapular nerve) is difficult 
to isolate and is an internal rotator and adductor 
of the shoulder and is typically examined along 
with the latissimus dorsi muscle (long thoracic 
nerve). The pectoralis muscles are next exam-
ined. The clavicular (upper) head of the pectora-
lis muscle is innervated by the lateral pectoral 
nerve, while the sternal (lower) head is inner-
vated by the medial pectoral nerve. The pectoral 
muscles are adductors of the arm. To test the pec-
toralis muscles, the patient is asked to push his 
hands together with the elbows extended. The 
upper and lower portions of the muscle are pal-

Fig. 7.6 Infraspinatus is examined by adducting the 
upper arm to the side of the body and placing the forearm 
against the abdomen. The patient is asked to externally 
rotate the arm off the abdomen

Fig. 7.7 In isolated serratus anterior weakness, pushing 
on a wall in a push-up-type position results in the scapula 
winging

a b

Fig. 7.8 In global brachial plexus injury, or C5–C7 
injury, the serratus anterior exam is more subtle and diffi-
cult. In a thin patient, the scapula can be seen winging (a). 
The inferior corner of the scapula is palpated, and a poste-
rior directed force is applied to the anterior shoulder, 

which forces the scapula posteriorly. If the serratus ante-
rior fires, the scapula is forced to the rib cage. If the ser-
ratus is weak or paralyzed, the scapula is translated 
posteriorly with this maneuver (b)
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pated and tested (Fig. 7.10). The latissimus dorsi 
presence can be quickly ascertained by the cough 
test (Fig. 7.11a). The cough test is performed by 
the examiner placing both hands under the poste-
rior fold of the arm and asking the patient to 
cough. There will be an involuntary contraction 
of the latissimus dorsi muscles if they are func-
tioning. To grade the strength, the arm is extended 
and the patient asked to hold his hand against the 
gluteal region (Fig. 7.11b). The examiner abducts 
the arm to evaluate the latissimus dorsi strength.

The biceps and brachialis (musculocutaneous 
nerve) are elbow flexors, with the biceps also 
being a supinator of the forearm. The biceps ten-

don should be palpated to make sure it is con-
tracting as well as the brachialis muscle, which 
can be palpated on either side of the biceps ten-
don (Fig.  7.12). Elbow flexion can also occur 
with brachioradialis or forearm flexor (Steindler 
effect) muscle activation; thus, it is imperative for 
the examiner not to be tricked.

The deltoid (axillary nerve) is classically 
divided into an anterior, middle, and posterior 
head. Function of the deltoid can be mimicked by 
an intact supraspinatus, and thus the examiner 
needs to make sure the muscle is actually firing 
and activating with motion. The bulk and tone of 
the muscle should be evaluated. Forward flexion, 
abduction, and extension are examined. For weak 
or reinnervating axillary nerve injuries, the arm is 
placed by the patient’s side and the patient is 
asked to abduct or forward flex while the exam-
iner’s thumb and index fingers are placed around 
the deltoid to feel for contraction (Fig. 7.13a). A 
sensitive test for posterior deltoid function is the 
swallowtail test described by Nishijima et  al. 
[20]. In this test the patient leans forward and 
extends the shoulders (Fig. 7.13b). A lag in exten-
sion is a sign for posterior deltoid weakness.

Exam of the median nerve motor function 
includes exam of the pronator quadratus, prona-
tor teres, flexor carpi radialis, flexor digitorum 
profundus of index/middle, flexor digitorum 
superficialis, flexor pollicis longus and brevis, 
abductor pollicis brevis, opponens, and index and 
middle finger lumbricals. The pronator quadratus 
is examined with the elbow maximally flexed and 

Fig. 7.9 The subscapularis muscle is examined by plac-
ing the patient’s hand on his abdomen, bringing his elbow 
forward and having the patient push in against his abdo-
men. Alternatively, the hand can be placed on the small of 
the back, and the patient is asked to elevate his hand off 
the small of his back

a b

Fig. 7.10 The pectoralis muscles (clavicular (a) and sternal (b)) are examined by having the patient adduct his arm to 
his side while the examiner palpates both heads of the muscle
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the forearm in supination. The patient pronates 
his forearm while the examiner resists this motion 
(if possible). Pronator teres is examined with the 
elbow extended in a similar fashion. The flexor 
carpi radialis is the radial wrist flexor. It is tested 
by resisted wrist flexion. The fingers should be 
kept extended, and tendon of the flexor carpi 
radialis should be palpated to ensure that the 

wrist flexion is not occurring through another 
wrist flexor (palmaris longus or flexor carpi ulna-
ris) (Fig. 7.14). The flexor digitorum profundus 
of the index and middle finger is isolated by hold-
ing the proximal interphalangeal joints of the fin-
gers extended while the patient flexes the distal 
interphalangeal joints (Fig.  7.15). The flexor 
digitorum superficialis has a common muscle 
belly and flexes the fingers at the proximal inter-
phalangeal joint. To isolate the superficialis, the 
index, ring, and small fingers are kept fully 
extended and the patient is asked to flex the mid-
dle finger (Fig. 7.16). The palmaris longus is just 
ulnar to the flexor carpi radialis muscle and can 
be absent in up to 16% of individuals. The easiest 
way to identify it is to have the patient flex the 
wrist while touching his thumb to the small finger 
(Fig. 7.17). The flexor pollicis longus is the only 
flexor of the interphalangeal joint of the thumb. It 
is isolated and examined by stabilizing the proxi-
mal phalanx of the thumb and while the patient 
attempts to flex the distal joint of the thumb 
(Fig.  7.18). The flexor pollicis brevis is one of 
three thenar muscles, and it has a deep and super-

a b

Fig. 7.11 (a). A quick screening test of the function of 
bilateral latissimus dorsi muscles is the cough test (a). The 
examiner holds the latissimus muscles from behind and 
asks the patient to cough. The cough results in an involun-
tary contraction of the muscle which is palpated. To grade 

the strength of the muscle, the hand is placed on the glu-
teal region with the elbow extended, and the patient is 
asked to maintain this position while the examiner abducts 
the arm (b)

Fig. 7.12 The biceps tendon is palpated to ensure it is 
firing and elbow flexion not occurring through the bra-
chioradialis. The brachialis muscle can be palpated on 
either side of the biceps tendon
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a b

Fig. 7.13 (a). The deltoid is palpated with two fingers, 
and the patient asked to abduct or forward flex the arm. 
The contraction of the deltoid can be felt. (b). To examine 
posterior deltoid function, the swallowtail test is per-

formed. The patient leans forward and extends his shoul-
ders. If there is weakness or no function, this test 
demonstrates an asymmetry to the normal side

Fig. 7.14 The flexor carpi radialis is palpated with 
resisted wrist flexion while the patient (if able) keeps his 
fingers extended (to eliminate wrist flexion from finger 
flexors)

Fig. 7.15 The median nerve-innervated flexor digitorum 
profundus of the index and middle fingers is tested by 
blocking the metacarpophalangeal joint and proximal 
interphalangeal joint in extension while the patient flexes 
the index and middle finger. The ulnar-innervated profun-
dus tendons are tested similarly

Fig. 7.16 Flexor digitorum superficialis is a common 
muscle belly to the digits. By keeping the index, ring, and 
small fingers fully extended, the flexor digitorum profun-
dus is blocked from flexing the digits with the exception 
of the superficialis of the middle finger. Alternatively, the 
ring finger superficialis can be tested by blocking the 
index, middle, and small finger in full extension

Fig. 7.17 The palmaris longus is best tested with wrist 
flexion while the patient opposes the thumb to the small 
finger if possible

B. N. Garcia et al.



93

ficial head. The superficial head is innervated by 
the median nerve, while the deep head is inner-
vated by the ulnar nerve; it flexes the thumb at the 
metacarpophalangeal joint and assists in opposi-
tion of the thumb as well. It is difficult to distin-
guish which head is firing clinically. The 
opponens pollicis produces opposition of the 
thumb and works with the other thenar muscles. 
The abductor pollicis brevis is the third thenar 
muscle. The flexor pollicis brevis, opponens, and 
abductor pollicis brevis are typically tested as a 
group by flexion of the thumb at the metacarpo-
phalangeal joint, palmar abduction, and 
 opposition to the small finger (Fig. 7.19). The last 
median nerve-innervated muscle to be tested is 
the lumbricals of the index and middle finger, 
also known as the first and second lumbrical. The 
lumbrical flexes the metacarpophalangeal joint 
and extends the interphalangeal joint. They are 
tested by having the patient flex the metacarpo-
phalangeal joint 90 degrees while extending the 
interphalangeal joint fully (Fig. 7.20).

The terminal branches of the radial nerve are 
next tested and include the triceps, supinator, bra-
chioradialis, extensor carpi radialis longus and 
brevis, extensor carpi ulnaris, extensor digitorum 
communis, extensor digitorum minimi, extensor 
digitorum proprius, extensor pollicis longus and 
brevis, and abductor pollicis longus. The triceps 
should be tested for antigravity strength by 
abducting/forward flexing the shoulder above 
horizontal and asking the patient to extend his 
elbow (Fig. 7.21). If unable to overcome gravity, 

Fig. 7.18 The flexor pollicis longus is tested by blocking 
the thumb at the metacarpophalangeal joint and having 
the patient flex the thumb tip

Fig. 7.19 Thenar muscles include the flexor pollicis bre-
vis, opponens, and abductor pollicis brevis. The flexor 
pollicis brevis has median and ulnar nerve innervation that 
is difficult to separate. The three muscles are often exam-
ined as a unit. The hand is supinated on the table and the 
patient asked to point the tip of his thumb to the ceiling. 
The thenar muscles are palpated, and resistance is applied 
to push the thumb tip radially and toward the table

a b

Fig. 7.20 The lumbricals are tested by having the patient 
hold his metacarpophalangeal joints at 90 degrees with 
the proximal interphalangeal joints fully flexed (a), and 

then the patient is asked to extend the proximal interpha-
langeal joint. Palmarly directed force is applied to the 
middle phalanx to test the strength of the lumbricals (b)
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the upper arm is placed parallel to the ground and 
the patient asked to extend with gravity elimi-
nated. When testing a strong triceps, it should be 
tested starting at less than 90 degrees of flexion, 
asking the patient to fully extend with the exam-
iner resisting the extension. A locked elbow in 
extension may falsely give the examiner the 
impression the triceps is much stronger than it 
really is. Supinator function is tested with the 
elbow extended (to eliminate biceps from supi-
nating the forearm), forearm fully pronated, and 
the patient asked to supinate the forearm. 
Brachioradialis is tested by resisting elbow flex-
ion at 90 degrees of flexion (Fig.  7.22). Wrist 
extensors are examined by having the patient 
extend and radially deviate the wrist (extensor 
carpi radialis longus) and extending the wrist in 
neutral (extensor carpi radialis brevis). When the 
patient can only extend and radially deviate the 
wrist, the extensor carpi radialis brevis is not fir-
ing. The base of the second (insertion of extensor 
carpi radialis longus) and third metacarpals 
(insertion of extensor carpi radialis brevis) can be 
palpated to feel tendon tension if it is uncertain 
which of the wrist extensors is firing. Extensor 
digitorum communis is examined by having the 
patient extend his lesser digits. The extensor indi-
cis proprius is examined by having the patient 

make a fist and only extending the index finger. 
Similarly, the extensor digiti minimi is examined 
by having the patient make a fist and extending 
the small finger. The extensor pollicis longus is 
examined by placing the hand flat on the table 
and having the patient lift the thumb off the table 
(Fig. 7.23). Alternatively, the examiner can block 
the metacarpophalangeal joint in extension and 
have the patient extend the interphalangeal joint 
of the thumb. Extensor pollicis brevis and the 
abductor pollicis longus extend and abduct the 
thumb metacarpal and the carpometacarpal joint, 
respectively.

The last part of the motor exam is examina-
tion of the ulnar nerve-mediated muscles of the 
forearm and hand which include the flexor carpi 
ulnaris, flexor digitorum of the ring and small 
finger, abductor digiti minimi, adductor polli-
cis, the dorsal and palmar interossei, the third 
and fourth lumbricals, and the flexor pollicis 
brevis. The flexor carpi ulnaris is tested by wrist 
flexion with ulnar deviation. If there is diffi-
culty ascertaining if the flexor carpi ulnaris is 
actually firing, the tendon of the muscle just 
proximal to the pisiform can be palpated to 
confirm its activation (Fig.  7.24). Abductor 
digiti minimi is tested by having the patient 
abduct the small finger with the digit fully 

Fig. 7.21 Triceps are examined by placing the arm over-
head and asking the patient to extend his elbow. If the 
patient cannot do this secondary to limitation of shoulder 
motion, an antigravity position is chosen (patient leaning 
to one side). Strength is tested by flexing the elbow to 90 
degrees and having the patient extend while resistance is 
applied

Fig. 7.22 Brachioradialis is tested by having the patient 
isometrically contract the elbow at 90 degrees. The mus-
cle of the brachioradialis can been seen and palpated. The 
brachioradialis typically fires concomitantly with the tri-
ceps, so if there is no triceps function, the examiner needs 
to stabilize the forearm for the brachioradialis to fire
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extended. The adductor pollicis is one of three 
muscles that adducts the thumb. The opponens 
and flexor pollicis brevis also adduct the thumb, 
thus making examination of the adductor polli-
cis difficult to isolate (Fig. 7.24). The first dor-
sal interosseous abducts the index finger and 
can be tested by having the patient extend and 
radially abduct the index finger (Fig.  7.25). 
Adduction and abduction of the fingers in 
extension test the palmar and dorsal interossei, 
respectively. The lumbricals flex the metacar-
pophalangeal joint and extend the interphalan-
geal joint (Fig. 7.26). They are tested by having 

the patient flex the metacarpophalangeal joint 
90 degrees while extending the interphalangeal 
joint fully (Fig. 7.20).

 Vascular Exam

As severity of BPI increases, so does the risk of 
associated vascular injuries [21]. The association 
of vascular injuries has been shown to be rela-
tively high with closed, blunt injury in BP 
patients, and concomitant BPI and vascular 
injury correlate with worse long-term disability, 
morbidity, and mortality [22, 23]. The incidence 
of a major vascular injury associated with a BPI 
has been shown to be between 13% and 23% [4, 
22, 24]. The vascular structures typically affected 
include the subclavian and axillary arteries and 
veins [13, 23, 24].

Surgeons should have a high index of suspi-
cion of vascular injury when evaluating patients 
with BPI as 5–15% of patients with upper extrem-
ity trauma and concurrent vascular injuries can 
present with an initially normal pulse examina-
tion [22]. Unrecognized vascular injury can 
potentially cause irreversible limb ischemia, loss 
of limb, and a worse prognosis. There are “hard” 
signs that can alert the examiner to the increased 
risk of vascular injury in upper extremity trauma, 

a b

Fig. 7.23 The extensor pollicis longus is the only muscle 
than can lift the thumb off the table when the hand is 
placed palm side down (a). Alternatively, the thumb axis 
can be stabilized, and the patient is asked to extend the 

interphalangeal joint. The abductor pollicis longus and 
extensor pollicis brevis are examined by asking the patient 
to abduct and extend the metacarpophalangeal joint of the 
thumb (b)

Fig. 7.24 The flexor carpi ulnaris is examined by having 
the wrist flexed with fingers extended while palpating the 
tendon at the level of the pisiform
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including findings such as pulselessness, rapidly 
expanding hematomas in the supra- or infracla-
vicular fossae, obvious acute bleeding, and pal-
lor. Unfortunately in the setting of a BPI, signs 
such as paresthesias, pain, and paralysis can 
occur due to nerve or vascular injury and may not 
reliably indicate one or the other, but should be 
considered when evaluating for either injury.

The vascular exam in BP patients should begin 
with palpation of the ulnar and radial pulses in 
addition to evaluation of capillary refill. If pulses 
are unable to be palpated, Doppler ultrasonogra-
phy should be utilized. Auscultation of the supra-
clavicular and infraclavicular fossae may also be 
performed to assess for thrills or bruits which can 

be indicative of major vascular injury [3, 22]. 
Another noninvasive tool that can be used in eval-
uation is the arterial pressure index (API), which 
is the ratio of the systolic blood pressure in the 
injured limb to that of the systolic pressure of the 
uninjured limb. An API of greater than 0.90 is 
considered normal. Ratios below this threshold 
should prompt further workup. If a vascular 
injury is highly suspected and/or the patient has a 
concerning exam, or API <0.90, angiography, 
though more invasive, is the gold standard diag-
nostic study of choice for evaluating vascular 
injuries of the affected extremity. This can be 
done with a conventional computed tomography 
angiography (CTA), digital subtraction angiogra-

a b

Fig. 7.25 First dorsal interosseous is examined by hav-
ing the index finger radially abducted (a). It can also be 
palpated. The adductor can be tested with a key pinch 
maneuver, where the patient makes a fist and uses the 

thumb to pinch against the radial aspect of the index fin-
ger. Weakness is demonstrated by a Froment’s sign (b) 
(flexion of the interphalangeal joint and supination of the 
thumb)

Fig. 7.26 Palmar interossei adduct the digits, and the 
dorsal interossei abduct the digits. With the hand flat on a 
table, the patient is asked to abduct and adduct the digits. 

Strength can be tested by having the patient hold the digits 
adducted while the examiner tries to push his finger 
between the patient’s fingers
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phy (DSA), or magnetic resonance (MR) angiog-
raphy [13, 22]. A CTA is fast, is commonly 
utilized, and has high sensitivity and specificity 
for detecting vascular injury. CTA is a good first 
choice diagnostic treatment modality; however, 
should the study be inconclusive despite a high 
index of suspicion, or if vascular intervention is 
necessary, a DSA may be a more preferable 
choice given it can provide both diagnostic and 
therapeutic utility. Vascular injury should initiate 
a prompt consultation with vascular surgery col-
leagues. If the patient is taken to the operating 
room for emergent exploration or repair of vascu-
lar structures, it may be appropriate to proceed 
with an initial brachial plexus exploration after 
vascular status is addressed and if the patient is 
stable. Finally, angiography studies are also help-
ful when planning for long-term reconstructive 
options. In such cases, the success of free func-
tioning muscle transfer depends on adequate 
patency of recipient vasculature, such as the tho-
racoacromial trunk of the injured limb [2].

 Deafferentation Pain

Attention to the development of neuropathic type 
pain is key as this can significantly affect the 
patient’s quality of life, and recognition of this 
pain is an integral part of the patient’s care. 
Patients with BPIs can experience severe, unre-
mitting pain following nerve root avulsions, 
known as deafferentation pain, or pain in the 
deafferented extremity [25, 26]. The quality of 
pain experienced due to deafferentation in BP 
patients is commonly characterized as burning or 
crushing and is constant with intermittent parox-
ysms of sharper, shooting pain as well. The pain 
occurs at night and throughout the day and has 
been shown to worsen in cases of increased emo-
tional or psychologic stress or tension; patients 
may grasp their arm or massage it to help improve 
the pain [15, 25, 27]. These paroxysms of more 
abrupt, lightning-type pain can have some con-
sistency in quality and location and may occur 
frequently such as every few minutes, or infre-

quently such as every few days. Neuropathic pain 
is more frequent than causalgia pain and occurs 
more commonly in patients with root avulsion 
injuries [27]. Cold sensitivity has also been 
described in BP patients. Deafferentation pain 
can occur in a paralytic limb, is different than 
phantom limb pain, and may be extremely limit-
ing for patients and cause significant prevention 
or delay of return to work and hobbies. It should 
be treated in conjunction with a pain clinic to 
provide coordinated efforts from different sub-
specialties to best address this difficult and debil-
itating problem.

 Spinal Cord Injury

Ruling out compromise of the spinal cord is 
important; suspicion arises if the lower extremi-
ties are affected. Though rare, and often difficult 
to diagnose, patients with brachial plexus injuries 
may have concomitant injuries of the spinal cord. 
Spinal cord injuries can present with symptoms 
consistent with complete cord transections, ante-
rior cord syndrome, Brown-Sequard syndrome, 
or mixed lesions [4]. Evaluation of motor func-
tion, sensory, and reflexes in the lower extremi-
ties is imperative in patients with BPIs. Upper 
motor neuron signs such as hyperreflexia can 
assist with diagnosis of these dual injury patterns. 
Brown-Sequard syndrome is associated with root 
avulsion-type injuries and will present with signs 
and symptoms consistent with hemitransection of 
the cord. This typically manifests with weakness 
in motor function and deficits in proprioception 
and vibratory sensation on the ipsilateral side of 
the injury. This is due to injury to the  corticospinal 
tract and dorsal columns. On the contralateral 
side of the injury, the patient may experience 
hypoesthesia with deficits in pain and tempera-
ture sensation below the level of the injury due to 
insult to the spinothalamic tract. Depending on 
the severity of cord injury endured, these deficits 
may be permanent or transient [4, 28, 29]. If there 
is suspicion for spinal cord injury, prompt con-
sultation with Neurology should be instituted.
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Adult Brachial Plexus Injuries: 
Neurodiagnostic Evaluation

Brian A. Crum

 Introduction

Nerve conduction studies (NCSs) and needle 
electromyography (EMG) should be considered 
extensions of the neurologic history and exami-
nation of the peripheral sensory and motor sys-
tems. NCSs assess large, myelinated sensory and 
motor nerve fibers. EMG assesses primarily type 
1 muscle fibers. Both studies are critical to under-
standing the distribution and severity of brachial 
plexus injuries and assist in the surgical teams’ 
approach to intervention [1, 2].

The main reasons to perform NCSs and EMG 
are to obtain objective evidence of disease within 
the peripheral nervous system and to assist with 
localization of the problem. NCSs and EMG can 
aid in answering several clinical questions: Is the 
problem focal, multifocal, or diffuse? Does it 
involve peripheral nerve, neuromuscular junc-
tion, or muscle? For conditions affecting the 
nerve, one can try to assess where along the 
course of the nerve is the disease (e.g., root, 
plexus, nerve) and how much of the pathophysi-
ologic mechanism is axonal or demyelinating (or 
neurapractic). The natural evolution of abnormal-
ities found on EMG can be helpful in determin-
ing the timing of a neurologic process and 

assisting in prognostication (e.g., is there reinner-
vation occurring?).

 Anatomy

The main motor neuroanatomical structures that 
are important in NCSs and EMG are the anterior 
horn cell in the ventral spinal cord, the motor root 
and axon of the peripheral nerves, the neuromus-
cular junction, and the muscle fiber. In the sen-
sory system, the dorsal root ganglion and its 
peripheral axon to a sensory receptor can be 
assessed with NCSs. The location of the dorsal 
root ganglion is an important feature in interpre-
tation of NCSs because preganglionic sensory 
lesions (e.g., radiculopathy, nerve root avulsion, 
or a central nervous system process) will not 
show NCS abnormalities, but postganglionic 
lesions (e.g., plexopathy or peripheral neuropa-
thy) will show abnormalities on sensory NCSs.

 Nerve Conduction Studies

 Basic Concepts

NCSs are performed by percutaneously stimulat-
ing a peripheral nerve and then recording a 
response over nerve or muscle. In motor studies 
the response is recorded over muscle, whereas in 
sensory studies, the response is recorded at 
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another point on the nerve. Various factors are 
measured in the resulting response, including the 
amplitude (height) of the response, the conduc-
tion velocity, and the distal latency (time from 
stimulus to onset of response). Attention is also 
paid to changes in the morphologic pattern of the 
resulting waveforms with different points of 
stimulation along the course of the nerve.

Stimulation is performed with a negatively 
charged stimulator (cathode) applied percutane-
ously to the nerve being studied. Because the 
inside of the axon is negatively charged, this 
stimulation depolarizes the axon and leads to an 
action potential generated at that point on the 
nerve. Large, myelinated axons have lower stim-
ulation thresholds. Approximately 2 cm proximal 
to the cathode on the stimulator is an anode that 
hyperpolarizes the axon at that point on the nerve; 
this hyperpolarization can yield a theoretical 
anodal block. Thus, any component of the initi-
ated action potential that is heading proximally 
may be blocked.

With increasing stimulus intensity (typically 
measured in milliamperes), the amplitude 
(height) of the resulting response increases 
because of excitation of more and more axons 
within the nerve up to a point at which a further 
increase in the stimulus intensity does not lead to 
an increase in the amplitude of the response. This 
level of stimulus intensity is called supramaximal 

stimulation and must be attained at each point of 
stimulation along the nerve to ensure that all 
axons in the nerve that can be stimulated have 
been stimulated.

In motor NCSs, the active recording electrode 
(G1) is placed over the motor end plate of the 
muscle, which is typically halfway along the 
course of the muscle. The reference recording 
electrode (G2) is placed distally over the corre-
sponding tendon. This arrangement allows acqui-
sition of a compound muscle action potential 
(CMAP) (Fig. 8.1). In sensory NCSs, the record-
ing electrode is placed over the nerve, and the 
referential electrode is also placed on the nerve, 
typically 3–4 cm farther away from the recording 
electrode. The resulting sensory nerve action 
potential (SNAP) often has a triphasic waveform 
with an initial downward (positive) deflection 
(Fig. 8.2). Sensory NCSs can be done orthodrom-
ically (stimulating distally, recording proximally) 
or antidromically (stimulating proximally, 
recording distally). A ground electrode is used in 
all NCSs and EMG and is usually placed at a 
point between the cathode stimulus and G1.

The CMAP amplitude is generally measured 
in millivolts. At both proximal and distal sites of 
stimulation, the CMAP morphologic pattern 
stays essentially the same without any consider-
able change or decrease in amplitude. A CMAP 
response is a measure not only of the motor axon 

Fig. 8.1 Median motor NCS. Left: Stimulation of median nerve, recording abductor pollicis brevis. Right: Resulting 
compound muscle action potential (CMAP) waveform
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but also of the neuromuscular junction and the 
muscle itself.

For sensory NCSs, a nerve-generated poten-
tial is recorded, so the amplitude is much smaller 
(generally on the order of microvolts). As a result, 
the signal-to-noise ratio is less favorable than 
with motor studies, and several stimuli may have 
to be averaged to ensure a high-quality SNAP. In 
normal sensory NCSs, the morphologic pattern 
of the waveform changes (decreased amplitude 
and prolonged duration) between proximal and 
distal sites because of phase cancellation of the 
traveling wave.

 Measurements

Several parameters are measured in NCSs. These 
include the amplitude, distal latency, and, at 
times, the conduction velocity. The amplitude of 
the CMAP or SNAP is the height of the response. 

Distal latency is the time between the stimulation 
and the onset of the waveform when the most dis-
tal site is stimulated (usually at the ankle or 
wrist). Conduction velocity is calculated by mea-
suring the distance between points of stimulation 
and dividing by the difference in latencies 
between the two stimulation sites. These values 
are compared to normal controls and, at times, to 
the contralateral limb if asymptomatic (espe-
cially in sensory NCSs) (Fig. 8.3).

In motor studies, the duration and area of the 
CMAP are also marked and may be important in 
certain clinical conditions. If the morphology of 
the waveform is different between the distal and 
proximal sites of stimulation, temporal  dispersion 
or conduction block may be present. As men-
tioned above, the CMAP should be almost identi-
cal in amplitude, duration, and overall 
morphologic findings along all sites of stimula-
tion in a motor nerve. Considerable loss of ampli-
tude at the proximal site compared with the distal 

Fig. 8.2 Top, schema for an antidromic sensory NCS of the median nerve showing stimulation at the wrist and elbow 
and recording from the second digit. Bottom, sensory nerve action potential (SNAP) waveform with wrist stimulation
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site suggests a conduction block, and prolonged 
duration at the proximal site compared with the 
distal site suggests temporal dispersion. In gen-
eral, a 20% decrease in CMAP amplitude is con-
sistent with conduction block (Fig. 8.4), and an 
increase in duration of the CMAP waveform of 
more than 30% is consistent with temporal dis-
persion (Fig. 8.5). Both findings generally indi-
cate some degree of underlying demyelination, or 
neuroapraxia, between the points of stimulation. 
Stimulation at Erb’s point can thus reveal focal 
abnormalities in brachial plexus or proximal 
nerve lesions. In sensory studies, amplitudes nor-
mally decrease as a function of distance so that 
proximal amplitudes are smaller than distal 
amplitudes. Due to this, assessment for conduc-
tion block and temporal dispersion is not 
helpful.

 Late Responses

The motor and sensory NCSs described above 
are relatively direct measures of the integrity of 
the more distal segments of nerves. In proximal 
segments of nerves, NCSs have technical limita-
tions for direct assessment of nerves because of 
difficulty in isolated stimulation of nerves and 
isolated recording from nerves or muscle. 
Although direct measures are not reliable, indi-
rect measures of the proximal segments of nerves 
are possible with F wave assessment (Fig. 8.6).

In elicitation of an F wave, the nerve is stimu-
lated as usual for the distal CMAP, but the anode 
is rotated off the nerve to allow the action poten-
tial generated at the point of stimulation at the dis-
tal stimulation site to travel proximally. This 
action potential travels exclusively up the motor 

Fig. 8.3 CMAP 
waveform with latency 
(arrow) and amplitude 
(double arrow) 
highlighted

S2 S1

S2

+ – + –

S1

G1 G2

Fig. 8.4 Conduction 
block (at bottom arrow). 
Stimulation proximal 
(S2) and distal (S1) to a 
lesion showing normal 
response with distal 
stimulation and lack of 
response with proximal 
stimulation
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Fig. 8.5 Ulnar motor 
NCS showing very long 
duration, polyphasic 
CMAP at both proximal 
(top waveform) and 
distal (bottom 
waveform) sites of 
simulation with more 
prominent dispersion 
with proximal 
stimulation

Fig. 8.6 F waves: Stimulation distally with proximal vol-
ley of the evoked action potential proximally to anterior 
horn cells and resulting distal volley to the muscle to gen-

erate F wave. Recording (right) showing the CMAP wave-
form (M wave) followed by the F wave

axon to the anterior horn cell and causes depolar-
ization of a small pool of anterior horn cells. 
These anterior horn cells, in turn, send an action 
potential back down the motor nerve to the mus-

cle, where the small evoked responses can be 
recorded, representing the F wave. Because each 
stimulus excites a different pool of anterior horn 
cells, the elicited F waves vary in configuration, 
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amplitude, and, to a lesser extent, latency. The F 
wave represents a signal that has traversed the 
entire peripheral segment of the motor nerve 
proximally and then back distally. The F wave 
therefore serves as an indirect way to assess prox-
imal motor nerve segments (plexus and root).

The F latency is typically measured as the time 
between stimuli at the distal site on the motor 
nerve and the appearance of the first two F waves. 
The resulting F latency can be compared to normal 
values or to an estimate that takes into consider-
ation the nerve conduction velocity and the dis-
tance of the pathway traveled to the spinal cord. 
An F latency that is longer than the F estimate sug-
gests that conduction was slowed proximally, 
which is consistent with an underlying pathophys-
iologic mechanism of acquired demyelination or 
neuroapraxia in this proximal nerve segment.

 Needle EMG

 Technique

Needle EMG assesses electrical activity of the 
muscle fibers themselves. Because needle EMG 
includes analysis of electrical activity with the 
muscle at rest and assessment with mild levels of 
voluntary contraction, this technique is typically 
performed on an awake patient who can both 
relax a muscle and voluntarily contract it with 
mild force. The test can be mildly to moderately 
painful to the patient. It is done by inserting a 
small needle into a muscle to record the electrical 
potentials from muscle fibers near the needle 
electrode (Fig. 8.7). There are few contraindica-

tions to needle EMG. For patients on anticoagu-
lants, the test can be done after INR testing, if 
appropriate, and a discussion with the patient 
regarding the small risk of bleeding and bruising. 
Patients with pacemakers or spinal cord stimula-
tors can be tested safely. Areas of active skin 
infection are avoided with the needle insertion.

 Spontaneous Activity

Spontaneous activity is assessed with the muscle 
at rest. A needle is inserted through the skin into 
the muscle, and spontaneous activity is assessed 
(with minimal movement of the needle) in sev-
eral areas of the muscle. Insertional activity 
occurs with each tiny movement of the needle. At 
rest, a normal muscle usually has no spontaneous 
activity, but several abnormalities in spontaneous 
activity may be detected and indicate certain dis-
ease processes.

Fibrillation potentials, which indicate dener-
vation of individual muscle fibers, are regular, 
rhythmic discharges of muscle fibers and can be 
heard or seen only with EMG. They are not visi-
ble clinically. Positive sharp waves have a patho-
physiologic meaning similar to that of fibrillation 
potentials but a different morphologic pattern in 
that they have a downward (positive) deflection 
rather than upward (negative) deflection. 
Fibrillation potentials or positive sharp waves can 
be seen as early as 2 weeks after injury to a nerve 
and almost always by 3 weeks. With reinnerva-
tion of muscle, fibrillation potentials may 
decrease or resolve. Fibrillation potentials can 
occur in any neurogenic process.

Fasciculation potentials are irregular dis-
charges of motor units (one anterior horn cell and 
all the muscle fibers it innervates); as a result, 
they are larger than fibrillation potentials and can 
be seen clinically under the skin. Unlike fibrilla-
tion potentials, which indicate a pathologic pro-
cess, fasciculations can be seen in normal persons 
but are also seen as part of disorders involving 
anterior horn cells, motor roots, or motor nerves.

Myotonic discharges are another spontaneous 
discharge characterized by waxing and waning 
frequency and amplitude with a sound resem-Fig. 8.7 Needle EMG of biceps demonstrated
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bling that of a dive-bomber. They occur in vari-
ous disorders affecting muscle, including several 
channelopathies, and they are not seen with the 
naked eye. These discharges can also be seen in 
neurogenic processes. Patients who have electri-
cal myotonia may not always have clinical myo-
tonia (delayed relaxation of a contracted muscle, 
like relaxing a clenched fist).

Myokymic potentials are most commonly due 
to radiation damage to nerves. They are regularly 
occurring bursts of motor units that fire spontane-
ously, giving rise to a sound resembling that of 
marching soldiers. Not usually visible to the 
naked eye, myokymic potentials are occasionally 
found in demyelinating neuropathies and in 
mononeuropathies. When occurring in the face, 
they are often associated with brainstem disor-
ders such as multiple sclerosis or glioma. They 
are most highly associated with radiation damage 
to nerves, especially in brachial plexopathy due 
to radiation therapy [3].

 Voluntary Activation

Voluntary motor units are assessed during mus-
cle contraction. Several parameters are assessed, 
the most important of which is the motor unit 
potential duration. The morphologic pattern of 
the waveform is also analyzed for polyphasia or 

complexity. With reinnervation, the size of each 
motor unit increases and so does the degree of 
polyphasia or complexity. This can be from ter-
minal axonal reinnervating muscle fibers or 
from more axonal growth through an area of 
nerve injury. Early regenerating motor units can 
appear very complex and small and are termed 
“nascent” motor units (Fig.  8.8). Motor units 
that are immature or in the process of reinner-
vating can also display a characteristic called 
“variability” or “instability” which reflects vari-
ation of the moment to moment motor unit 
potential seen with activation of the muscle. 
This is a result of the immaturity of the nerve 
terminal that is newly reinnervating with incon-
sistent transmission across the neuromuscular 
junction.

Recruitment of motor unit potentials refers to 
the number of motor unit potentials firing at a 
given force. As a muscle is contracted more 
forcefully, more and more motor units are 
recruited to supply the force needed. In a neuro-
genic process, fewer motor units are available, so 
despite a stronger contraction, fewer motor units 
are present to supply that force, and recruitment 
is reduced (e.g., a small number of motor unit 
potentials fire at inappropriately high frequen-
cies). In severe neurogenic disease, there may be 
only one or two motor units that can be activated, 
often called “discrete” recruitment.

a b c d

Fig. 8.8 Voluntary motor unit morphology and size. (a) 
Normal motor unit. (b). Nascent motor unit. (c). Complex, 
polyphasic motor unit. (d) A large, less complex, motor 

unit. (b–d) represent the typical evolution after reinnerva-
tion of a muscle
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In summary, in neurogenic disorders, the typi-
cal EMG pattern includes fibrillation potentials, 
fasciculation potentials, and large, occasionally 
complex, motor units firing with reduced recruit-
ment (Fig. 8.9).

 Application to Brachial Plexus 
Assessment

Motor NCSs reflect the functioning of motor 
axons; the reduction or absence of the CMAP 
amplitude is reflective of damage to motor axons. 
In very acute injuries or in the setting of neu-
roapraxia, conduction block may be seen in 
incomplete or complete injuries. Sensory NCSs 
measure primarily the postganglionic pathway, 
and their normalcy when testing an area of sen-
sory loss is evidence for a preganglionic lesion. 
The reduction in the amplitude or even loss of the 
response will indicate postganglionic injury, 
though some degree of preganglionic injury can-
not be excluded in those circumstances.

The distribution of the needle EMG abnor-
malities is important to localize the lesion(s) after 

brachial plexus injury. In upper extremity pro-
cesses, this can be approached by a distal to prox-
imal and a rostral to caudal analysis. The 
electromyographer will examine muscles inner-
vated by C5-T1 nerve roots and different nerves 
to attempt to understand the anatomic localiza-
tion (e.g., upper trunk vs lateral cord vs axillary 
or suprascapular nerve). In addition, assessment 
will be made of nerve root vs peripheral injury by 
assessing the paraspinal muscles and very proxi-
mal muscles like rhomboid, which is innerved 
just at the C5 root level. It is important to realize 
that the paraspinals are innervated by multiple 
roots, so abnormality here implies preganglionic 
injury, but the precise root localization is not 
possible.

The goal of the EMG is to guide the referring 
clinician to the most likely sites of injury. Often 
there is a combination of sites as in upper trunk 
AND axillary nerve or C5/6 root and brachial 
plexus. And, at times, precise localization is 
 simply not possible with EMG when there are 
multiple sites involved and one can imply likeli-
hood but not definitive conclusions. It is impor-
tant to consider the technical ability of the 

Reduced Recruitment

Minimal force

Minimal Force

Maximal force
Maximal Force

Moderate Force

Slight Increase inForce

Fig. 8.9 Left, normal recruitment of motor units (shown as different colored lines). Right, reduced/discrete recruitment 
showing extreme example of only one motor unit firing with maximal voluntary activation
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electromyographer to adequately perform NCSs 
and EMG which can be negatively affected by 
patient factors like previous injuries, surgeries, 
scars, tolerance for the examination, body habi-
tus, muscle atrophy after injury, and use of 
anticoagulants.

 Evolution and Timing of EMG 
Abnormalities

After an initial nerve injury, needle EMG shows 
an immediate decrease in the recruitment of motor 
units because of the loss of action potentials firing 
through the point of injury. In severe injury, no 
motor units are seen. At this early juncture, both 
conduction block/neuroapraxia and axonal dam-
age can produce this picture; very early needle 
EMG therefore can indicate a problem, but not 
confirm the pathophysiology. Fibrillation poten-
tials begin to appear in the first 2 weeks. Increased 
size and/or polyphasia or complexity of voluntary 
motor units may take 1 to 2 months to appear if 
coming from reinnervation in terminal axons and 
3 months or more if coming from axonal regrowth 
(dependent on the distance from the injury to the 
muscle). The early nascent motor units are often 
the first sign of reinnervation, even occurring 
before there is demonstrable muscle activation or 
limb movement.

On NCSs, conduction block can be identified 
with stimulation above and below the injury site. 
Within the initial 10 days, NCSs can be used to 
identify the presence of a conduction block and 
the location of a lesion but not the pathophysio-
logic process, similar to needle EMG.  When a 
focal process affects axons (axonotmesis), 
Wallerian degeneration occurs, and NCSs per-
formed 2 to 4  weeks later yield low-amplitude 
CMAPs stimulating at both proximal and distal 
sites. In this situation, localization is not possible, 
but pathophysiologic findings are consistent with 
an axonal lesion. Stimulation above the brachial 
plexus is technically challenging and requires 
either stimulation at Erb’s point or at the spinal 
nerve level. In both approaches, there can be dif-
ficulty obtaining supramaximal stimulation on 
the nerve of interest. Recording in these cases is 

usually distally in the hand from ulnar or median- 
innervated muscles assessing mainly lower trunk 
function.

In summary, soon after axonal injury, needle 
EMG reveals fibrillation potentials and reduced 
recruitment. A conduction block, if able to be 
assessed, can be found. However, with a focal 
demyelinating process (neuroapraxia), a focal 
conduction block will still be seen with stimula-
tion both proximal and distal to the lesion at 
4 weeks and beyond. The EMG will again show 
reduced recruitment, but fibrillation potentials 
will be absent or very mild.

 Brachial Plexopathy Neurodiagnostic 
Assessment

The EMG approach includes taking a focused 
history and doing a limited neurological exami-
nation to assist in the planning of the full EMG 
study. Special attention is paid not only to the 
peripheral nerve examination but also to central 
nervous system examination findings such as 
hyperreflexia, spasticity, and Babinski signs 
which may further add to the weakness or 
impaired function of the patient. A Horner’s sign 
(ptosis and miosis) often suggests nerve root 
avulsion of C8/T1. Combining their own focused 
evaluation and the clinical notes from the surgical 
team, the electromyographer should then plan the 
EMG study to answer the most important ques-
tions of the clinicians; often this is around distri-
bution and severity of abnormalities and 
intactness of the nerve roots. The EMG study is 
tailored to the clinical questions at hand. Timing 
of the initial EMG is best at least 4 weeks after 
injury as some electrophysiological findings 
(fibrillation potentials) may only appear after this 
time. At this point, conduction block, if found, is 
more suggestive of a neurapraxic lesion as 
enough time has passed to allow for Wallerian 
degeneration.

NCSs are done initially to evaluate median 
and ulnar function (motor and sensory NCSs), 
and further studies are guided by the clinical sce-
nario. Radial motor and sensory studies can be 
done to assess radial nerve and also upper trunk/
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posterior cord integrity. Medial and lateral ante-
brachial cutaneous sensory NCSs are key tools to 
assess lower and upper trunk (and medial and lat-
eral cord) localizations, respectively. More proxi-
mal nerve studies are uncommonly done, mainly 
used for more focal neuropathies (axillary, mus-
culocutaneous, suprascapular). Spinal accessory 
NCSs can be done to assess for injury to that 
nerve and also to test integrity for possible use in 
brachial plexus reconstructive surgery. Sensory 
NCSs are vital to suggesting a preganglionic 
component to the injury; preserved responses in 
the setting of clear sensory loss in that nerve dis-
tribution indicate preganglionic damage/root 
avulsion. Absent or reduced sensory NCSs indi-
cate at least postganglionic damage, though can-
not exclude concomitant preganglionic damage. 
An important technical note for most sensory 
NCSs, comparison with the contralateral side (if 
unaffected) is important as normal values are not 
as consistent in some of these studies (especially 
the antebrachial cutaneous studies). Also, in oth-
erwise healthy younger individuals, the ampli-
tudes of sensory NCSs can be very high, and 
comparison with the opposite side may reveal a 
relative loss of amplitude even when a normal 
amplitude is found on the symptomatic side. A 
side-to-side difference of >50% on sensory NCSs 
is usually significant to imply neurogenic involve-
ment on the affected side.

As mentioned above, the needle EMG is used 
to help localize more precisely, and a number of 
muscles are usually assessed. First dorsal interos-
seous, extensor indicis proprius, pronator teres, 
triceps, biceps, deltoid, infraspinatus, rhomboid, 
and paraspinals are commonly done (Table 8.1). 
More detailed assessment can be undertaken of 
specific distributions based on findings in these 
muscles as well as the clinical scenario. Needle 

EMG of trapezius, intercostals, and even dia-
phragm can be done to assist in surgical 
planning.

Figure 8.10 shows the EMG study on a patient 
seen 4 months after a brachial plexus injury. The 
ulnar and median motor responses were absent, 
indicating significant axonal damage in the C8/
T1, lower trunk, or medial cord pathways. The 
sensory responses being absent or low amplitude 
indicate a large degree of postganglionic (e.g., 
plexus) damage. The fact that the median sensory 
response is present, though low, could indicate 
some preganglionic/root involvement at C6. The 
needle examination revealed fibrillation poten-
tials in most limb muscles with no voluntary 
motor units, going along with severe axonal dam-
age with no reinnervation occurring. Lower cer-
vical paraspinals showed fibrillation potentials, 
but no abnormalities were noted in mid-cervical 
paraspinals or in rhomboid. This suggests nerve 
root involvement at C8/T1 but intact C5 root. 
Involvement of the C7 root is difficult to judge 
from this study. As is the case with many EMG 
studies in post-traumatic brachial plexopathy, 
there appears to be a mixture of pre- and postgan-
glionic damage, though clearly no signs of active 
reinnervation in this diffuse process.

The presence of multiple voluntary motor 
units with voluntary contraction suggests reason-
able chance for meaningful outcome; and no 
motor units seen usually predicts lack of recovery 
spontaneously. In patients followed with upper 
trunk traumatic brachial plexopathy, the lack of 
any motor units by needle EMG assured poor 
functional outcome (0/29 patients reaching at 
least MRC 4/5 strength after 2  years), and the 
presence of even discrete recruitment was associ-
ated with a small (25%) chance of at least MRC 
4/5 strength outcome [4].

Table 8.1 NCS and needle EMG and corresponding root and trunk distributions

Root Trunk Motor NCS Sensory NCS Needle EMG
C5C6 Upper Suprascapular, axillary, 

musculocutaneous
Lateral ABCRadialMedian 
Digit I/II

Rhomboid (C5) Spinati, deltoid, 
biceps, pronator teres (C6)

C7 Middle Radial (EDC) Median digit II/III Triceps, EDC, pronator teres (some 
C7)

C8T1 Lower MedianUlnar UlnarMedial ABC EIP (C8)FDI, APB, FDB

ABC antebrachial cutaneous, EDC extensor digitorum communis, EIP extensor indices proprius, FDI first dorsal inter-
osseous, APB abductor pollicis brevis, FDP flexor digitorum profundus
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 Neurodiagnostics to Assist 
in Selection of Nerve Donor 
for Transfer

When selecting a potential donor nerve for trans-
fer surgery, preoperative needle EMG can be use-
ful by assessing the activity in the innervated 
muscle(s). A study of recruitment in donor nerve- 
innervated muscles found that in those muscles 
with normal or mildly abnormal recruitment, 
these nerves when transferred produced a better 
outcome measured by motor strength and active 
range of motion compared to donor nerves dis-
playing very reduced recruitment on pre-transfer 
needle EMG [5]. Another study similarly found 
correlation between the number of motor units in 
a donor nerve and the eventual muscle strength 
after nerve transfer surgery [6].

 Follow-Up Neurodiagnostic 
Evaluations

In follow-up of patients who have undergone bra-
chial plexus reconstructive surgery or being con-
sidered for such, repeat neurodiagnostic testing 

provides information on interval reinnervation. 
The electromyographer should understand the 
details of any reconstructive surgery, if done, to 
direct the electrophysiological assessment. After 
reconstructive nerve surgery, needle EMG is 
done in the downstream muscles to compare to 
previous or preoperative needle EMG studies. 
Improvement may take months to appear given 
rate of axonal growth and reinnervation. Close 
communication between the surgical team and 
the electromyographer is critical to help assess 
and answer the key clinical questions as a routine 
EMG study done without this information may 
not be as helpful to surgical team. Re-emergence 
of motor units has been shown to correlate to the 
measurements of force in downstream muscles, 
including after nerve/muscle transfer as in graci-
lis muscle transfer [7]. While fibrillation 
 potentials may or may not persist, the emergence 
of motor units in muscles that previously did not 
have motor units or the improvement in recruit-
ment abnormalities (which indicates more motor 
units functioning) is a positive electrophysiologi-
cal sign. Improvement in the CMAP amplitude is 
also a positive sign indicating more functioning 
motor units.

* = Repetitive Stim. NR = No Response.
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Fig. 8.10 Initial EMG done in a patient with brachial plexus injury
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 Summary

Neurodiagnostic evaluation of brachial plexus 
injuries is vital to understand the distribution, 
severity, and evolution of the neurogenic pic-
ture in each patient. Using NCSs and needle 
EMG at the initial evaluation will provide the 
surgical team important information to guide 
subsequent treatment or testing. Those per-
forming neurodiagnostic studies should be 
experienced in testing less common NCSs and 
needle EMG studies and should have clear 
direction from the surgical team regarding the 
most important clinical questions to address 
with testing. Follow-up neurodiagnostic test-
ing can assist in tracking re-innervation (or 
lack thereof). Close communication between 
the surgical team and the neurodiagnostician is 
key to ensure adequate testing and interpreta-
tion of findings for maximal clinical assistance 
to the patient and surgical team caring for the 
patient.
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Intraoperative Brachial Plexus 
Neurophysiological Monitoring

Brian A. Crum and Jeff Strommen

 Introduction

The assessment of brachial plexus and cervical 
and upper thoracic nerve roots is an important 
function of intraoperative monitoring (IOM) in 
the setting of reconstructive brachial plexus sur-
gery. Whether a particular nerve root is function-
ally connected to the spinal cord is vital 
information in the surgical decision-making pro-
cess as the presence or absence of this functional 
connection will often dictate between different, 
often quite disparate, procedures. In addition, the 
functional integrity of elements of the brachial 
plexus is important in this decision-making pro-
cess. To help make these determinations, intraop-
erative electrophysiological testing is necessary. 
This requires the use of nerve conduction studies 
(NCSs) and somatosensory and motor evoked 
potentials (SEPs and MEPs). With close attention 
to potential technical problems, this vital infor-
mation can be quickly and accurately obtained.

Once it is decided to undergo surgical explora-
tion and reconstruction, the preoperative EMG 
study is used to provide guidance regarding the 
distribution and severity of the injury (see previ-

ous Neurodiagnostic Evaluation section). 
Localization is supplemented by advanced imag-
ing, but it is important to note that myelography 
and MRI may not be able to clearly identify root 
avulsion [1, 2]. In one study, the preoperative 
judgment of nerve root continuity (with EMG and 
imaging studies) was compared to nerve root 
assessment during IOM. In 25% of cases of sus-
pected nerve root avulsion preoperatively, conti-
nuity was found during IOM [3]. Intraoperatively, 
anatomic continuity of the nerve root can gener-
ally be visually determined although, if an avulsed 
root remains intradural or, as is frequently the 
case, is very scarred, anatomic continuity cannot 
be determined by visual inspection alone. 
Additionally, even with full exposure (with lami-
nectomy), nerve roots in anatomic continuity may 
not conduct electrically [4, 5]. In this setting, IOM 
is the only reliable means to determine functional 
continuity of axons in order to ensure a maximally 
effective reconstructive surgical procedure.

This chapter will provide background on the 
equipment and techniques used for IOM of the 
brachial plexus and the interpretation of the find-
ings thereby. It will include the use of NCS, 
EMG, and evoked potentials (EPs). For the pur-
pose of this review, the term “peripheral nerve” 
will apply to nerve distal to the spinal cord and 
also distal to the intervertebral foramen (spinal 
root/nerve, plexus, peripheral nerve). The 
 application of these electrodiagnostic techniques 
will be described for specific clinical scenarios.
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 IOM Techniques

 Somatosensory Evoked Potentials

Responses from stimulation of peripheral nerves 
can be recorded from the spinal cord and cerebral 
cortex as somatosensory evoked potentials 
(SEPs). Intraoperative stimulation of peripheral 
nerve directly will depolarize both motor and 
sensory axons; however, selective orthodromic 
recording from central sensory pathways ensures 
that only the large fiber/dorsal column pathway is 
assessed, just as it does with percutaneous stimu-
lation in routine SEPs. Since the primary goal for 
intraoperative SEPs in brachial plexus injury is to 
assess nerve root integrity, stimulation is per-
formed as close to the intervertebral foramen as 
possible. (Fig. 9.1) Bipolar handheld stimulation 

probes are usually used by the surgeon with the 
cathode (red electrode) directed proximally. 
Monopolar stimulators with the return electrode 
near the wound may be used in some settings but 
have the disadvantage of providing a non-focal 
stimulation which may lead to spread to other 
nerve structures. Recording is performed from 
the cervical spine level via either a nasopharyn-
geal electrode or from a needle electrode placed 
directly on the lamina in the cervical spine. These 
responses are small in amplitude, so many stim-
uli must be averaged, typically at least 20–50, 
stimulating at 1.1-1.9 Hertz. It is very important 
to ensure that the individual holding the stimula-
tor on the nerve maintain their position until the 
stimulation is finished. Stimulus intensity is typi-
cally between 10–20 mA. (Fig. 9.2a, b)

 Motor Evoked Potentials

Motor evoked potentials (MEPs) are most com-
monly obtained with transcranial electrical stimu-
lation, recorded directly on the nerve at the 
intervertebral foramen, the same location as stimu-
lation for SEPs. Similar to SEPs, the goal of MEP 
is to assess nerve root continuity (Fig. 9.2c–e). 
Anodal stimulation is utilized with a short duration 
(0.05 msec), rapid rise time stimulus using subcu-
taneously placed EEG electrodes placed over the 
motor cortex. Several [2–5] stimuli with an inter-
stimulus interval of 2–4 msec are given with inten-
sity of 200–600 Volts [4]. Direct nerve recording is 
performed with bipolar hook electrodes (Fig. 9.3), 
usually placed onto the spinal nerve as close to the 
exit from the intervertebral foramen as possible 
(Fig. 9.1).

 Nerve Action Potentials

Recording of a nerve action potential (NAP) is 
performed with direct nerve stimulation and 
recording using bipolar electrodes as shown in 
Fig. 9.3. A variety of commercial electrodes are 
available for this purpose. The electrodes are 

Fig. 9.1 Bipolar stimulator held by surgeon on C6 spinal 
nerve just outside exit from intervertebral foramen (top 
center)
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Fig. 9.2 Bipolar 
electrodes. Left, pointed 
tip electrodes often used 
for stimulation Right, 
hook electrodes often 
used for recording
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 separated by at least 4 cm, and the nerve is held 
out of the surgical field if possible to avoid current 
shunting due to surrounding fluid. Stimulation is 
typically performed at the distal site with record-
ing proximally across the lesion (Figs. 9.3f and 
9.4). Stimulus intensities of only a few milliam-
peres are required, though if no NAP is obtained 
with low stimulus intensity, we often increase the 
intensity to 20–25 milliamperes to ensure suffi-
cient intensity to depolarize even damaged axons. 
The presence of a NAP across a lesion assures 
functional continuity of at least 4000 axons in 
which it has been shown that this degree of axonal 
continuity translates into functional end- organ 
reinnervation [6]. Conversely, when no NAP 
response is recorded across a lesion, it is unlikely 
functional reinnervation will occur.

 Triggered EMG

To assess for nerve continuity, direct nerve stimu-
lation can be performed proximal to the lesion 
with recording a distal muscle innervated by that 
nerve. A response will confirm continuity of that 
nerve and imply at least some continuity of at 
least one nerve root supplying that nerve. It can 
also help identify anomalous innervation in con-
fusing cases. A few limitations should be consid-
ered. The size of the muscle recording in this 
situation may have more to do with the distance 
between any depolarizing muscle fibers and the 
recording electrodes than with the actual number 
of functioning axons. While a response does indi-
cate some continuity or reinnervation to the tar-
get end-organ muscle, it cannot prove the 
continuity of individual roots as all muscles have 
multiple root innervation. Due to the amplifica-
tion of the motor response when recording from 
muscle, quantification of the number of func-

Fig. 9.3 Intraoperative recordings during brachial plexus 
exploration and reconstruction
(a) SEP recording over the scalp and neck, respectively, 
with direct intraoperative C5 root stimulation. The pres-
ence of the response supporting C5 sensory root integrity.
(b) SEP recording over the scalp and neck, respectively, 
with direct intraoperative C6 root stimulation. The pres-
ence of the response supporting C6 sensory root 
integrity.
(c) Transcortical electrical stimulation with direct MEP 
recording over the C5 root supporting integrity of C5 
motor fibers.
(d) Transcortical electrical stimulation with direct MEP 
recording over the C6 root supporting integrity of C6 
motor fibers.
(e) Transcortical electrical stimulation with direct MEP 
recording over the C7 root supporting integrity of C7 
motor fibers.
Nerve action potential with stimulation distal and record-
ing proximal to the lesion. No reproducible response 
could be recorded across the lesion

Fig. 9.4 Intraoperative NAP recording with bipolar stim-
ulation electrodes (bottom) and recording electrodes (top)
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tional axons is difficult but does provide evidence 
of at least some continuity or reinnervation. The 
lack of a muscle response with triggered EMG, 
however, does not indicate a lesion without conti-
nuity as the axons may be regenerating through 
the lesion but have not yet reached the target 
muscle. In this setting, the continuity can only be 
assessed with NAP across the peripheral nerve 
lesion or MEP and SEP across the root segment. 
An absent muscle response cannot distinguish 
between a pre- or post-ganglionic lesion. For all 
of these reasons, recording MEPs over the spinal 
nerve, not with direct nerve stimulation, is ideal 
when assessing nerve root integrity.

 Technical Issues

Muscle artifact from neck and proximal arm 
muscles is a major technical challenge in MEP 
studies. With transcranial stimulation there is 
activation of motor neurons diffusely which can 
be recorded directly over the muscle but will also 
be detected from a distant electrode (volume con-
duction). This may lead to a recorded response in 
the target muscles which actually arises from a 
different nerve/muscle element, leading to a 
false-positive result. When there is concern about 
a false-positive MEP response, recording of a 
spinal nerve from a known avulsed ventral root is 
helpful; a response there confirms a likely false- 
positive response due to volume conduction. If 
this is not possible, neuromuscular blocking 
agents can also be used to make this distinction. 
If the waveform in question disappears or 
decreases in size, a volume-conducted response 
is most likely as spinal root-recorded MEP would 
not be affected by neuromuscular blockade. The 
cervical SEP potential from nerve root stimula-
tion is also subject to this artifact with a similar 
troubleshooting approach. NAP recordings can 
also be distorted by volume-conducted muscle 
artifact, and the use of a neuromuscular blocking 
agent is useful to enhance interpretation.

Excessive stimulus artifact can also hamper 
recordings, particularly given the short distance 
between stimulating and recording electrodes. 

Occasionally one must move the recording (for 
MEP) or stimulating (for SEP) electrodes distally 
onto brachial plexus elements to obviate this 
problem. The polarity of the MEP stimulus can 
also be alternated and several stimuli averaged in 
an attempt to reduce the stimulus artifact by 
phase cancellation. Stimulus artifact is a problem 
in NAP recordings as the recording electrode will 
“see” the electrical shock given to depolarize the 
nerve. If the distance is short between the stimu-
lating and recording electrodes, then this stimu-
lus artifact may obscure the NAP. A distance of 
no less than 4 cm, therefore, and preferably lon-
ger must be used. Additionally, in all these set-
tings, the surgical bed should be dry or the nerve 
gently retracted out of the fluid to improve the 
recording.

Anesthesia can have a major detrimental 
impact on IOM, especially the use of inhalational 
agents that suppress cortical excitability. For 
SEPs, this negatively impacts scalp recordings 
more than cervical spine or nasopharyngeal 
recordings. Inhalational anesthetic agents reduce 
the effectiveness of transcranial electrical stimu-
lation in initiating a MEP. NAP recordings, how-
ever, are not affected by anesthesia. 
Neuromuscular blocking agents may be desirable 
for SEP, MEP, or NAP studies in which muscle 
artifact must be eliminated, though they are not 
used (or sparingly used) when recording 
responses from muscle. Our preferred anesthetic 
regimen is total intravenous anesthesia (TIVA) 
with narcotic and propofol and use of short- 
acting neuromuscular blocking agents only as 
necessary. Once the monitoring is completed, 
low-level halogenated agents can then be added 
as determined by the anesthesia team.

Accurate communication with the surgical 
team is vital. The IOM physician and technicians 
cannot always see the operative field during the 
NAP, SEP, or MEP studies. Before beginning the 
stimuli, it must be confirmed that the surgeon is 
holding the electrodes in the proper place with 
the proper orientation and that they continue to 
hold their position until the stimuli are finished. 
In the hectic environment of the operating room, 
often with multiple surgeons and surgical team 
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members, this can be a challenge but is critical 
for optimal decision-making. Communication 
with the anesthesia team is also important, espe-
cially as it relates to the use of inhalational agents 
or neuromuscular blocking agents during the 
procedure.

 Interpretation

The presence of a central SEP response (scalp or 
cervical spine) after spinal nerve stimulation 
indicates the continuity of the dorsal root in 
cases where avulsion is questioned [5, 7]. 
Although it does not directly test the ventral 
root, its separate continuity is often assumed 
when a SEP response is obtained [5]. Lack of a 
response argues for dorsal nerve root avulsion or 
disruption, especially when NAPs can be 
recorded from the corresponding spinal nerve or 
plexus element distal to the foramen. In a pure 
preganglionic lesion affecting the dorsal roots, 
the cell body and peripheral axon are still intact, 
and a peripheral NAP would be expected. A 
MEP response indicates continuity of the ventral 
root, while absence suggests avulsion [1]. It is 
important to realize that the integrity of the dor-
sal root does not guarantee integrity of the ven-
tral root and vice versa [5]. In addition, the loss 
of SEP responses occurs with less apparent root 
damage as judged by visual inspection and is 
more likely to be absent when there is anatomic 
continuity [5]. A mismatch (partially avulsed 
dorsal or ventral roots) was noted in 11% of 
roots studied by laminectomy [1]. In most of 
these instances, the ventral root was avulsed 
with an intact dorsal root. A combination of 
these two IOM techniques (SEP and MEP), 
therefore, is ideal [8, 9]. From the surgical recon-
struction perspective, the continuity of the ven-
tral roots is the most functionally important to 
determine, as a functioning ventral root can be 
utilized as the proximal stump for nerve grafting. 
The loss of the ventral roots as a grafting vehicle 
will necessitate other transposition procedures 
utilizing nerve and/or nerve- muscle transfers 
from other territories [10, 11].

 Application to Brachial Plexus 
Reconstruction

The following case represents the use of these 
IOM techniques. A 42-year-old man presented 
with a flail left arm after a snowmobile accident. 
Six months after the injury, complete loss of 
motor and sensory function persisted in the arm. 
On clinical examination voluntary contraction 
was possible only in the rhomboid, trapezius, and 
serratus anterior muscles, and diffuse sensory loss 
was present throughout the limb. Muscle stretch 
reflexes were absent. A Tinel’s sign was present in 
the supraclavicular region radiating to the thumb. 
There was no evidence of a Horner syndrome. 
Routine NCSs of the left arm revealed absent 
median and ulnar motor responses and a low-
amplitude median SNAP. The lateral antebrachial 
sensory response was absent. Needle examination 
showed dense fibrillation potentials with no motor 
unit potentials activated in all left upper limb 
muscles plus infraspinatus. Rhomboids were nor-
mal as were the mid- cervical paraspinals. 
Prominent fibrillation potentials were noted in 
low cervical paraspinals. These findings were 
consistent with a very severe left pan-brachial 
plexopathy with mixed preganglionic and post-
ganglionic injury and probable complete root 
avulsion affecting the lower segments (C8, T1, 
and possibly C7). There was likely at least partial 
preservation of the C5 root although this was dif-
ficult to predict with absolute certainty as in some 
cases the rhomboids may be innervated by C4. A 
CT myelogram was consistent with left C8 and 
T1 nerve root avulsions. It was felt that he likely 
had intact nerve roots at C5 and C6. The continu-
ity of C7 was uncertain, but given the serratus 
anterior activation, this was likely to be intact. 
Reconstructive surgery was indicated with IOM 
to determine root continuity and assist with surgi-
cal decision-making.

After surgical exposure, visual inspection sug-
gested that the C5, C6, and C7 roots were intact 
with probably significant postganglionic injury. 
The C8 and T1 roots were visibly avulsed. 
Intraoperative SEP testing with stimulation of the 
C5 and C6 roots showed reproducible responses 
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(Fig. 9.2a, b). Motor evoked potentials were also 
present on C5, C6, and C7 roots while under a 
short-acting paralytic agent (Fig. 9.2c–e). This 
confirmed that there was both motor and sensory 
root continuity of C5 and C6 and at least motor 
root integrity of C7. Attention then turned to 
determining whether there was continuity across 
the injured brachial plexus. No reproducible NAP 
could be recorded across the upper or middle 
trunk segments, but a NAP was present stimulat-

ing and recording proximal to this level (Fig. 
9.2f). Based on these findings, the following 
grafting procedures were performed: C5 to axil-
lary nerve, C6 to musculocutaneous nerve, and 
C7 to radial nerve. In this particular case, IOM 
confirmed continuity of the C5–C7 roots which 
were then used as grafting vehicles. It also helped 
to define the proximal extent of the nerve injury.

Figure 9.5 shows examples of various injuries 
with the expected IOM findings. Fig. 9.5a and b 

Fig. 9.5 Expected intraoperative recording with various 
lesions of the roots or plexus. (a) Complete ventral and 
dorsal avulsion. Preservation of NAP due to intact sensory 
fibers, MEP and SEP absent. (b) Ventral root disruption 
with preservation of dorsal root. Preservation of NAP and 
SEP with root stimulation but MEP absent. (c) Complete 
postganglionic lesion. Preservation of SEP, MEP, and 
NAP proximal to lesion. No NAP recorded across the 

lesion indicating no evidence of functional axons across 
the lesion. (d) Severe postganglionic lesion but with some 
regeneration through the injured segment. Note presence 
of all responses with the exception of the compound mus-
cle action potential amplitude given there has not yet been 
end-organ reinnervation. (e) Mixed preganglionic and 
postganglionic lesions with no recordable SEP or NAP, 
but a positive MEP response

a

b

9 Intraoperative Brachial Plexus Neurophysiological Monitoring



118

c

d

e

Fig. 9.5 (continued)

B. A. Crum and J. Strommen



119

both show ventral root avulsion, eliminating a 
grafting procedure, even with the presence of a 
SEP in Fig. 9.5b. A complete postganglionic injury 
is depicted in Fig.  9.5c. The SEP and MEP are 
present, whereas a NAP across the plexus is not 
present. Stimulation and recording in the proximal 
plexus yield a NAP, identifying the proximal extent 
of the lesion. In this setting, nerve grafting/trans-
fers or end-to-end anastomosis could be appropri-
ate. If a NAP is present across elements of the 
brachial plexus (Fig. 9.5d), only neurolysis of that 
segment would be performed. A mixed lesion with 
sensory root avulsion and severe postganglionic 
injury is shown in Fig. 9.5e. In this case, the utility 
of performing both MEP and SEP studies is dem-
onstrated, as absence of a SEP without testing of a 
MEP would have been interpreted as a low likeli-
hood of a successful grafting procedure when, in 
reality, that was likely to be most beneficial.

 Summary

Performing IOM for brachial plexus reconstruc-
tive operations requires the use of multiple modal-
ities (SEP, MEP, and NAP) and is crucial in 
providing vital information to the surgical team to 
assist in reconstructive surgical decision- making. 
This data is especially indispensable in the timely 
assessment of the functional continuity of nerve 
roots. There are, however, many technical chal-
lenges that must be realized and overcome in order 
to acquire reliable electrophysiological data which 
require constant, accurate communication between 
the IOM, surgical, and anesthesiology teams.
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Adult Brachial Plexus Injuries: 
Evaluation: Radiologic Evaluation

Felix E. Diehn, John C. Benson, and Dong Kun Kim

 Introduction

Imaging is critical in the evaluation of pregangli-
onic brachial plexus injury (BPI). The identifica-
tion of nerve root avulsions is a vital component 
of prognostication and surgical decision-making. 
The principal modalities used to assess injuries 
proximal to the dorsal root ganglia are conven-
tional myelography, computed tomography 
myelography (CTM), and magnetic resonance 
imaging (MRI), including myelography-type 
MRI sequences. Additional radiological evalua-
tion in the setting of traumatic injury to the neck 
and/or shoulder girdle (including the postgangli-
onic brachial plexus, bones, soft tissues and vas-
culature) is beyond the scope of this chapter; 
prior review articles discussing such imaging are 
available for the interested reader [1–4]. In this 
chapter, the imaging modalities, normal imaging 
anatomy, and imaging findings of preganglionic 
BPI in adult non-penetrating trauma will be 
considered.

 Conventional Myelography

Through the 1980s, prior to the advent and refine-
ment of advanced imaging (CT and MRI), con-
ventional myelography was the gold standard for 
evaluation of the thecal sac and root sleeves of 
the brachial plexus nerve roots. However, this 
fluoroscopic/radiographic modality had major 
limitations compared to the advanced imaging 
available today: it relied on planar rather than 
cross-sectional imaging, was unable to evaluate 
the ventral and dorsal nerve roots separately, and 
lacked sensitivity for partial root avulsion. 
Conventional myelography continues to be uti-
lized as the initial part of CTM (technical details 
to follow) when intrathecal contrast is injected in 
the fluoroscopy suite prior to transfer of the 
patient to the CT scanner. Since CTM can suffer 
from artifacts in the lower cervical and upper tho-
racic regions, the plain radiographic images 
obtained during conventional myelography prior 
to CTM may be complementary to the CT 
images.

Conventional myelography is performed by 
injecting iodinated contrast intrathecally, usually 
via lumbar puncture. Using a tiltable table, the 
contrast is observed flowing cephalad to the cra-
niovertebral junction under fluoroscopy. Spot 
radiographic images are obtained, typically 
including anteroposterior (AP), oblique, and lat-
eral projections.
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 CT Myelography

CTM begins with conventional myelography. 
The patient is rolled several times to allow for 
optimal distribution of contrast throughout the 
thecal sac and transferred to the CT scanner for 
high spatial resolution cross-sectional imaging.

The current state-of-the-art multidetector row 
CT scanner allows for sub-millimeter resolution 
of approximately 0.5 mm, allowing for visualiza-
tion of cervical rootlets which measure approxi-
mately 1 mm in thickness. The technology enables 
imaging with isotropic voxels (volumetric, three-
dimensional pixels), such that high- resolution 
multiplanar reformats can be achieved. Such 
reformatted images are typically created in the 
sagittal, coronal, and oblique planes. Examples 
include oblique sagittal at the level of the foram-
ina, oblique axial parallel to the disc spaces, and 
curved coronal aligned with the spinal canal.

CTM does have a few inherent limitations. In 
order for the contrast injected in the lumbar the-
cal sac to ascend to the craniocervical junction, 
the patient cannot have a flow-limiting stenosis in 
the cervical, thoracic, or upper lumbar spine. 
Extremely large body habitus can diminish visu-
alization of normal anatomy and contrast mate-
rial. The shoulders can similarly attenuate the 
imaging, particularly at the cervicothoracic junc-
tion. In an acute or hyperacute setting, blood 
products within the spinal canal, especially if 
intrathecal, can prevent contrast from adequately 
outlining the spinal canal. For this reason, and 
because pseudomeningocele formation does not 
occur immediately after injury, a CTM (or MRI) 
should not be performed immediately, but rather 
at least 1 week if not 3–4 weeks after the trau-
matic event [1–3, 5]. Careful evaluation of the 
intrathecal contents is required to distinguish 
nerve root mimics, such as normal vessels and 
scar tissue/adhesions [4].

 MRI

Both conventional and myelographic-type MR 
sequences are typically performed to assess for 
preganglionic BPI; conventional (e.g., spin echo) 
sequences alone do not adequately depict intradu-

ral nerve roots. Specifically, conventional 
sequences often have CSF flow artifact within the 
intrathecal compartment that can obscure intradu-
ral nerve roots. Such artifact is mitigated on con-
ventional gradient recalled echo (GRE) sequences, 
which allow for better definition of nerve roots 
but have inherently lower image quality due to 
reduced signal to noise ratio and resolution.

Advancements in MRI sequence technology 
have yielded iterative improvements in these 
aspects. Myelographic-type pulse sequences rely 
on heavy T2- or T2-like weighting, i.e., imaging 
sequences in which fluid is hyperintense (bright). 
On modern scanners, such sequences are three- 
dimensional, with submillimeter resolution and 
good signal to noise ratio. CSF flow artifacts are 
mitigated on such imaging, and individual ventral 
and dorsal rootlets can be distinguished similar to 
CTM. Trade names for such sequences from ven-
dors used at our institution include Cube and fast 
imaging employing steady-state acquisition 
(FIESTA) on General Electric magnets and sam-
pling perfection with application-optimized con-
trasts using different flip angle evolution (SPACE) 
and constructive interference in steady state 
(CISS) on Siemens machines. Cube and SPACE 
sequences are three-dimensional fast spin echo 
sequences optimized for isotropic imaging and 
using T2-weighting for MR myelography, while 
FIESTA and CISS are heavily T2-weighted (T2/
T1) three-dimensional gradient echo sequences 
with very high contrast to noise ratio and fewer 
flow artifacts. These three- dimensional sequences 
can be performed in the axial, coronal, or sagittal 
plane, and relevant two- dimensional reformatted 
images can be made in any plane from the 
acquired data. As FIESTA and CISS are heavily 
T2-weighted but not purely T2-weighted, the sig-
nal intensity of tissues such as the spinal cord and 
bone marrow is best  evaluated on conventional 
T2- and T1-weighted images.

 CTM vs MRI

On MRI, the quality of preganglionic BPI imag-
ing with the aforementioned high-resolution 
sequences is often excellent. MRI inherently 
affords greater soft tissue contrast resolution, so 
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structures like the spinal cord can be better evalu-
ated. In addition to evaluation of the spinal cord, 
MRI enables complementary assessment of other 
anatomic and physiologic changes, such as those 
involving nerve roots and paraspinal muscles 
(refer to subsequent sections on imaging find-
ings). Postganglionic injuries involving the bra-
chial plexus can be evaluated with MRI but not 
CTM. MRI is noninvasive, compared to the mini-
mally invasive nature of CTM, and does not 
require intrathecal contrast material. In addition, 
MRI does not utilize ionizing radiation, unlike 
CT.  However, despite progressive improvement 
in MRI technology, MRI may still suffer from 
artifacts. For example, large pseudomeningo-
celes can make visualization of nerve roots chal-
lenging, and CSF pulsation artifacts remain 
problematic. Furthermore, CT imaging has wider 
availability and has greater patient acceptance 
due to inherently faster imaging and fewer issues 
with claustrophobia. CT is also less subject to 
motion artifact, including that which stems from 
patient motion due to a variety of sources (e.g., 
tremor/patient movement, swallowing, respira-
tory, cardiac) and from CSF pulsation. Moreover, 
CT has fewer contraindications compared to 
MRI. For instance, patients with certain implanted 
devices may not be MRI candidates.

Several studies have assessed and compared 
the diagnostic accuracy of CTM and MRI for 
preganglionic BPI [6–8]. Generally, CTM has 
been shown to be at least equivalent if not able to 
outperform MRI [6–11]. CTM still affords 
slightly higher spatial resolution and slightly bet-
ter visualization of nerve roots [12]. Historically, 
the reported diagnostic accuracy of MRI for 
nerve root avulsions has been quite variable; 
Tagliafico et al. cited literature in which its accu-
racy ranged between 52% and 88% [13]. Some 
studies have shown promising results for MRI. In 
a study of the accuracy of MRI compared to sur-
gical results for brachial plexus lesions of various 
etiologies, traumatic injuries (both pre- and post-
ganglionic lesions combined) were detected with 
a sensitivity and specificity of 84% and 91%, 
respectively [13]. Given such results and the 
inherent advantages of MRI over CTM, some 
centers prefer MRI over CTM as the primary 

modality to evaluate for preganglionic injuries 
[14–18].

Nevertheless, we believe CTM currently 
remains the clinical practice gold standard for 
nonoperative visualization of nerve root avul-
sions in adults. A recent systematic review was 
inconclusive with respect to the diagnostic accu-
racy of MRI compared to CTM for traumatic BPI 
[19]. Another current systematic review and 
meta- analysis found the accuracy of MRI for 
nerve root avulsion to be modest, with a sensitiv-
ity of 93% and a specificity of 72% compared to 
surgical exploration [20]. This review included a 
recent study that showed the accuracy of MRI for 
detecting nerve root avulsions to be 79% [21]. In 
our practice and in other high-volume centers [3, 
22], CTM remains the imaging modality of 
choice for preganglionic BPI in adults, although 
the two modalities are often used complementary 
to one another [22]. We concur with authors who 
suggest that no single imaging modality has been 
definitively demonstrated to be superior in this 
realm [3]. A survey of experienced peripheral 
nerve surgeons for BPI management demon-
strated that 94% use CTM or MRI and 41% use 
both [23]. This probably reflects the practice at 
many centers. If MRI is performed as the initial 
study, CTM can be especially useful when the 
MRI is discordant with clinical/electromyo-
graphic data or when the MRI is of poor quality 
[6]. The setting of partial nerve root avulsion 
identified on MRI is also one in which CTM may 
be particularly valuable [7]. Ultimately, modality 
choice depends on institution-specific factors 
such as physicians’ preferences and available 
imaging equipment, as well on individual patient- 
specific factors. It is worth noting that some 
authors view CTM and MRI merely as 
 supplemental investigations, with surgical explo-
ration being the diagnostic reference standard 
[20, 21].

 Normal Imaging Anatomy

Both CTM and MRI depict the normal anatomy 
of the cervical spinal canal in fine detail 
(Figs. 10.1 and 10.2). Normally, the spinal cord is 
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situated in the middle of the thecal sac. The ven-
tral and dorsal nerve rootlets and roots can be 
resolved individually as they course anteriorly, 
laterally, and inferiorly toward their neural 
foramina and coalesce into the spinal nerve at the 
level of the root sleeve. The nerve rootlets enter 
or exit the spinal cord approximately one verte-
bral level above their foramen. These nerve root-
lets and the roots they coalesce into are symmetric 
in number, location, and caliber. CTM and MRI 
often more clearly delineate the dorsal compared 
to ventral roots, as the former are comprised of 
more rootlets and therefore thicker than the latter 
[9, 24].

 Primary Imaging Findings 
of Preganglionic BPI

The two classic imaging findings of a pregangli-
onic BPI are avulsion of the nerve root and pseu-
domeningocele formation, spanning from C5 to 
T1 (in some anatomically variant cases, also C4 
and/or T2). Nerve root avulsion is the direct sign 
of injury and can be complete or partial; partial 
avulsions involve at least one but not all of the 
rootlets or roots. Although avulsion typically 
occurs at the level of the spinal cord, pregangli-
onic injuries also encompass injuries located 
slightly more distally within the spinal canal or 

a c d

b

Fig. 10.1 Normal anatomy on axial (a, b) and coronal (c, 
d) CTM images. At the C5–6 level (a, b), the spinal cord 
is situated in the middle of the thecal sac. The bilateral 
ventral and dorsal nerve roots course laterally from the 
spinal cord (a) toward the neural foramina (b). The nerve 
roots are continuous on contiguous slices and of regular 

caliber. The dorsal nerve roots are slightly more promi-
nent than the ventral counterparts. On coronal images, the 
dorsal rootlets at several levels are demonstrated as they 
coalesce into roots and course from the spinal cord (c) 
ventrolaterally toward the neural foramina (d)
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within the neural foramen, proximal to the dorsal 
root ganglion. A completely avulsed nerve root 
can be diagnosed by complete absence or lack of 
complete continuity of the nerve root within the 
spinal canal (Figs.  10.3, 10.4, 10.5, and 10.6). 
MRI may demonstrate displacement of the cord 
contralaterally (Figs. 10.5 and 10.6) and/or focal 
abnormal T2 signal (usually hyperintense 
edema) in the adjacent spinal cord at the root 
avulsion site. A partially avulsed nerve root may 

be missing either its ventral or dorsal roots 
(Fig. 10.4a) or one or more of its rootlets, or one 
or more of its roots/rootlets may be thinned or 
irregular but partially visible. Avulsion of ventral 
roots with preservation of the dorsal roots is the 
most common pattern of partial avulsion [9]. An 
asymmetrically abnormal course of the nerve 
root is an additional finding compatible with at 
least partial avulsion [25]. Occasionally, blood 
products can be identified in the injured nerve 

a c d

b

Fig. 10.2 Normal anatomy on axial (a, b) and coronal (c, 
d) MR images. On a conventional axial T2-weighted 
image at the C5–6 level (a), the spinal cord is located in 
the middle of the thecal sac. The nerve roots are not well 
visualized, in part due to their inherent low resolution and 
in part due to CSF flow artifact (arrows). At the same level 
on a high-resolution T2-weighted axial reformatted image 
(b; SPACE sequence, Siemens, acquired in the sagittal 

plane), the CSF flow artifact is mitigated, and the ventral 
and dorsal nerve roots can be identified as hypointense 
linear/curvilinear structures within the hyperintense CSF 
as they course laterally from the spinal cord to their neural 
foramina (arrows). A coronal reformatted image of this 
same sequence demonstrates the dorsal rootlets at several 
levels as they coalesce into roots and course from the spi-
nal cord (c) ventrolaterally toward the neural foramina (d)
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root [26], characteristically manifesting as T2* 
hypointensity (increased susceptibility artifact) 
on hemosiderin-sensitive sequences such as 
GRE. One potential pitfall of nerve root avulsion 
diagnosis exists in the subacute phase, when 
perineural scarring at the site of an avulsed nerve 
root can mimic a partially intact neural element 
[4, 27].

A pseudomeningocele is the primary indi-
rect, though imperfect, sign of preganglionic 
BPI. This is caused by injury of the dura sur-
rounding the nerve roots and manifests as a lat-

erally positioned well-defined but 
unencapsulated CSF-containing outpouching 
of the dural sac, without neural elements 
(Figs. 10.3, 10.4, and 10.6). Extradural collec-
tions represent a healing response of the injured 
dura and are best visualized in the days and 
weeks after injury rather than in the hyperacute 
phase. The presence of a pseudomeningocele is 
common with, but does not imply, nerve root 
avulsion, as the former can exist in the latter’s 
absence. Similarly, nerve root avulsions can 
occur without pseudomeningocele formation 

a b c

d

e

Fig. 10.3 Complete nerve root avulsions and pseudo-
meningoceles. Conventional frontal myelographic image 
in a prone patient (a), coronal reformatted CTM image 
(b), and axial CTM images (c, d, e). The frontal myelo-
graphic image (a) demonstrates multiple right-sided pseu-
domeningoceles (white arrows), from C6–7 through 
T1–2. The normal filling defects of nerve roots within 
contrast-opacified CSF (black arrows) are present on the 
right side but absent on the affected left side. The coronal 
reformatted CTM image (b) shows absence of the right 

C6, C7, and C8 nerve rootlets (arrowheads) compared to 
the normal left side (arrows), as well as multilevel pseudo-
meningoceles at C6–7 through T1–2 (e.g., T1–2, white 
arrow). On selected axial images, at C5–6 (c), C6–7 (d), 
and C7–T1 (e), the right C6, C7, and C8 ventral and dorsal 
nerve roots are not visualized, respectively, consistent 
with complete avulsions; note the normal left-sided nerve 
roots (arrows). Pseudomeningoceles (arrowheads in d, e) 
are present at C6–7 and C7-T1, but not at C5–6 (c)
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(Figs.  10.3, 10.4, and 10.5) [21, 28–32]. 
Pseudomeningoceles can range in size and 
conspicuity from large and obvious to small 
and subtle. They can be located within the spi-
nal canal, neural foramina, and/or extraforami-
nal zones (Figs.  10.3, 10.4, and 10.6). When 
nerve root avulsions are concurrent, thinned or 
discontinuous nerve roots may be seen in or 
immediately distal to the pseudomeningoceles, 
and retracted neural tissue may be present dis-
tally [22]. While CTM generally relies on com-
munication with the thecal sac for 
pseudomeningocele visualization, MRI can 
demonstrate such lesions even when they do 
not communicate with the intrathecal compart-
ment [6, 22, 33]. In some cases, small necks 
and/or adjacent epidural scar may prevent such 
communication [6, 33].

 Associated Imaging Findings 
of Preganglionic BPI

Associated findings of preganglionic BPI are 
generally better visualized on MRI than on 
CTM [32, 34–37]. Specifically, spinal cord inju-
ries may be seen in association with pregangli-
onic BPI, and MRI is especially better suited to 
diagnosing such cord injuries. In a 2011 study 
of 255 patients, clinical and/or imaging findings 
of spinal cord injury were present in ~15% of 
BPI patients [38]. Additional imaging findings 
in the acute phase include cord displacement 
(typically contralateral due to lack of normal 
traction from nerve roots (Fig. 10.6)), a divot at 
the neural avulsion site, cord parenchymal 
edema (T2 hyperintensity) and/or hemorrhage 
(often T2 hypointensity but variable depending 

a

b

c e

d

Fig. 10.4 Partial and complete nerve root avulsions and a 
pseudomeningocele. Axial (a–d) and coronal (e) CT 
myelography images. At C4–5 (a), a partial left C5 nerve 
root avulsion is present, with nonvisualization of the left 
ventral nerve root (compared to normal right (arrow-
head)); the left dorsal root is intact (arrow). At C5–6 (b) 
and C6–7 (c), complete left C6 and C7 nerve root avul-
sions are demonstrated, respectively, with nonvisualiza-
tion of both the ventral and dorsal nerve roots (arrows) 

and no pseudomeningocele. At C7-T1 (d), a complete left 
T1 nerve root avulsion is evident, with nonvisualization of 
either ventral or dorsal nerve roots and a large lateral spi-
nal canal through extraforaminal pseudomeningocele 
(arrow). A coronal reformatted image at a ventral level (e) 
also demonstrates the absent left nerve rootlets at C6–7 
and C7-T1 (black arrows), compared to the normal right 
side (arrowheads), and the left pseudomeningocele at 
C7-T1 (white arrow)
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on age/type of blood products, with susceptibil-
ity artifact on hemosiderin-sensitive sequences), 
or mass effect on the cord from space-occupy-
ing lesions such as epi- or subdural hematomas. 
Frank cord transection is a rare presentation, as 
is transdural cord herniation. In the subacute to 
chronic phases, myelomalacia (abnormal T2 
hyperintensity and volume loss) and syringomy-

elia (fluid-bright T2 signal) may be observed 
[12, 33, 39, 40].

Unlike CT, MRI can also depict the physio-
logic effects of trauma. Though uncommon, 
MRIs performed with intravenous gadolinium 
(not routinely done for BPI in our practice) may 
demonstrate pathologic enhancement of a nerve 
root, stump, or nerve root exit zone if these struc-

a c

b

Fig. 10.5 Complete nerve root avulsion; CTM and MRI 
can be complementary. Axial CT myelographic image (a) 
and heavily T2-weighted axial (b) and reformatted 
oblique coronal (c) MR images, FIESTA sequence (GE). 
The CTM (a) does not convincingly demonstrate nerve 
roots at the level of interest on the right. However, the left 

nerve roots on the asymptomatic side are also not well 
seen. On the MRI (b, c), the right-sided nerve rootlets and 
roots are convincingly absent (black arrows), consistent 
with complete avulsion, compared to the definitely pres-
ent and normal left-sided counterparts (white arrows). 
Note that a pseudomeningocele is not present
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tures have functional impairment [33, 34]. Such 
enhancement implies breakdown of the blood- 
nerve barrier, even in the presence of anatomic 
continuity [33]. Associated denervation changes 
in the posterior cervical paraspinal muscles and 
more distal innervated muscles may also be seen 
on MRI. These changes are easiest to see post- 
gadolinium and may be present even in the acute/
early subacute phase after injury. Denervation 
changes can be diagnosed by the presence of 
edema-type signal abnormality (hyperintensity 
on T2, hypointensity on T1) and enhancement of 
the muscles [33, 35, 41]. Such changes occurring 
in the multifidus muscle are most specific for pre-
ganglionic BPI, given its single root rather than 
multisegmental innervation [33, 35].

Uncommonly observed findings associated 
with preganglionic BPI in typically the subacute 
to chronic phases include CSF leak and superfi-
cial siderosis. In a 2013 study of 145 patients 
with traumatic BPI, 15% of patients described 
new-onset headache, and in 5% these were clas-
sic postural headaches likely due to post-trau-
matic CSF leak [42]. Preganglionic BPI is one of 
many potential causes of superficial siderosis 
[43], which is due to chronic repetitive bleeding 

in the subarachnoid space. Typically this entity 
presents clinically decades after the traumatic 
event (Fig. 10.7).

 Summary

Advanced imaging with either CTM or MRI 
plays a critical role in the evaluation of adult pre-
ganglionic BPI.  Although CTM is considered 
the imaging gold standard and probably the first 
choice for advanced imaging in adults at most 
centers, MRI also offers excellent diagnostic 
performance. Due to their differing strengths and 
weaknesses, the two modalities are considered 
complementary at many institutions. Both 
modalities can detect the hallmark primary find-
ings of preganglionic BPI: nerve root avulsions 
(complete or partial) and pseudomeningocele 
formation. The presence of one of these findings 
does not definitely imply the other. Secondary 
findings of preganglionic BPI may also be 
observed, typically better on MRI.  These find-
ings include injury of the spinal cord, physio-
logic findings such as nerve root enhancement or 
denervation changes in the paraspinal muscles, 

a b c

Fig. 10.6 Pseudomeningoceles in two different patients. 
Axial CTM (a) and axial conventional T2-weighted MR 
(b) images in the same patient demonstrate a large intra-
spinal through extraforaminal pseudomeningocele on the 
right, with lack of visualization of the right ventral and 

dorsal nerve roots at this level. Both examinations 
 demonstrate these findings equally well. Axial CTM (c)  
in a different patient demonstrates a smaller left-sided 
pseudomeningocele. In both patients, the spinal cord is 
deviated contralaterally
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and, uncommonly, CSF leak or superficial 
siderosis.
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Adult Brachial Plexus Injuries: 
Determinants of Treatment 
(Timing, Injury Type, Injury 
Pattern)

Robla Costales and M. Socolovsky

Traumatic brachial plexus lesions are devastating 
injuries in adults. Brachial plexus lesions may 
have a profound, lifelong social and economic 
impact on patients, because most will face severe 
residual morbidity. Great efforts should therefore 
be made to optimize the treatment of these 
patients. Recent years have witnessed tremen-
dous progress in surgical techniques for brachial 
plexus repair [1, 2].

With the progress achieved in recent decades, 
there is currently a surgical indication in the vast 
majority of cases. The only absolute contraindi-
cation to performing nerve repair surgery for a 
brachial plexus injury is when too much time has 
elapsed since the injury occurred, such that the 
muscular atrophy associated with the disappear-
ance of motor endplates has eliminated any 
potential for muscle reinnervation. More relative 
contraindications include a patient’s poor general 
condition, joint stiffness, and the inability to 
adhere to an adequate postoperative rehabilita-
tion program [3].

There are many determinants to consider in 
the treatment of brachial plexus injuries. The 
most important determinants are surgical timing 
and injury type.

 Injury Type

Traumatic brachial plexus injuries can be classi-
fied into open injuries and closed injuries that 
result from stretching. The latter are much more 
frequent and generally caused by high-speed 
vehicle accidents, especially involving motorcy-
cles [3, 4]. The plexus may be affected at its ori-
gin in the spinal cord (root avulsion), in the 
supraclavicular region (root or trunk injury), or 
in the infraclavicular region (cord or terminal 
nerve injury). On many occasions, various com-
binations of the afore-mentioned injury types 
occur.

The classification system proposed by Seddon 
and Sunderland allows for establishing the degree 
of peripheral nerve lesion severity and the poten-
tial for spontaneous recovery [5, 6]. While these 
classifications are useful for understanding and 
establishing the management of these lesions, in 
reality, there is generally a combination of sev-
eral degrees of injury in the same patient. This is 
especially true in the case of brachial plexus 
lesions [1, 3].

Regarding location, brachial plexus lesions 
can be classified in two ways: pertaining to 
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their position relative to the dorsal root gan-
glion and their position relative to the 
clavicle.

 Preganglionic Versus Postganglionic 
Injury

Whether a brachial plexus lesion is pregangli-
onic, postganglionic, or mixed is of paramount 
importance for therapeutic planning and progno-
sis determination [1].

Proximal ganglion lesions, called pregangli-
onic lesions, are more severe and are usually 
associated with root avulsions, while lesions dis-
tal to the ganglion, called postganglionic lesions, 
are generally less severe, have the potential for 
some degree of spontaneous recovery, and have 
more options for surgical reconstruction. For this 
reason, no kind of spontaneous recovery should 
be expected with preganglionic injuries, and 
early nerve transfer surgery is indicated [1, 7, 8].

Differentiating between these types of lesion 
must be made with the data provided by the clini-
cal evaluation, imaging tests, and electrophysio-
logical studies. With the exception of direct 
inspection at the site of the lesion, which in gen-
eral is not performed, the findings obtained via 
the complementary studies are suggestive, but do 
not irrefutably verify the diagnosis [3].

During the clinical evaluation, some informa-
tion may be useful for determining the lesion’s 
location. Intense pain, located mainly in the fore-
arm and hand, described by the patient as a severe 
burning or compression sensation, indicates some 
degree of deafferentation and is strongly sugges-
tive of root avulsion, which ultimately is identi-
fied in roughly 90% of cases [9], mainly involving 
inferior elements of the plexus [10]. In about half 
of patients, the pain becomes manifest immedi-
ately after the injury and, when associated with 
Claude Bernard-Horner syndrome, is highly sug-
gestive of avulsion of C8 and T1 [3, 11].

Tinel’s sign, elucidated by percussing the pos-
terior triangle of the neck in the supraclavicular 
region, may be useful for differentiating between 
rupture and root avulsion [12]. When the sign is 

positive, there is a high probability that there is a 
neuroma and, therefore, at least part of the lesion 
is postganglionic, which means that the surgeon 
will probably have root stumps available for 
grafting. The sign is formed by radiation of pain-
ful paresthesia in the lateral region of the shoul-
der and arm (C5 root) and the lateral surface of 
the forearm, with extension to the thumb and 
index finger (C6 root) after supraclavicular per-
cussion [11]. Eventually, this radiation can be 
directed towards the chest, indicating possible 
injury to the superficial cervical plexus. 
Paresthesia originating with a C7 root lesion is 
not well defined [3]. The search for Tinel’s sign 
can be repeated in subsequent evaluations, and, 
when it progresses distally, axonal regeneration 
is presumed. A negative sign suggests root avul-
sion [3].

Functional loss of muscles innervated by 
nerve branches originating directly from the cer-
vical roots is highly suggestive of a preganglionic 
root rupture.

With complete paralysis of the brachial plexus, 
the classically described maneuver to show a 
winged scapula to signify a long thoracic nerve 
injury is infeasible, due to paralysis of the mus-
culature of the entire limb, so that a more suitable 
test in such patients is shoulder antepulsion in the 
supine position [3]. The long thoracic nerve orig-
inates in spinal nerves C5, C6, and C7  in the 
interscalenic space and innervates the serratus 
anterior muscle. The fibers coming from the C5 
root that participate in formation of the nerve are 
responsible for the shoulder antepulsion [13]. 
Rhomboid muscle paralysis, caused by dorsal 
scapular nerve injury, is also considered a sign of 
C5 avulsion [3]. These muscles are responsible 
for adducting the scapula, aided by the trapezius 
muscle [14].

Electroneuromyography evaluation can pro-
vide important clues when attempting to locate 
the lesion in the dorsal root ganglion; these clues 
include identifying denervation of the paraverte-
bral muscles and rhomboid and serratus anterior 
muscles and the determination of sensory con-
duction velocity. Imaging can also reveal findings 
indicative of root avulsion.
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 Supraclavicular, Retroclavicular, 
and Infraclavicular

Relative to the clavicle, brachial plexus injuries 
are classified as supraclavicular, retroclavicular, 
and infraclavicular. Supraclavicular injuries 
include a high incidence of preganglionic root 
rupture [3].

Retroclavicular lesions are uncommon and 
generally associated with another site of injury 
above or below the clavicle.

Infraclavicular brachial plexus injuries are 
complex and variable, with cord and terminal 
nerve injuries, and, in about 20% of cases, associ-
ated with a preganglionic lesion involving the 
inferior roots of the plexus [15]. Many times, 
there is an associated vascular injury, given the 
adjacency of the large axillary vessels with plexus 
structures at this level [16]. Associated supra- and 
infraclavicular lesions occur in about 10% of 
patients [3].

 Injury Pattern

The brachial plexus supplies the whole upper 
extremity, except for a small strip of skin on the 
inner side of the upper arm, which receives sen-
sory fibers from T2 [17].

Brachial plexus injuries include a broad 
spectrum of patterns. At one extreme, complete 
injury to the brachial plexus leads to a flail arm, 
which has no function and also entails addi-
tional problems like pain. The other extreme is a 
partial lesion involving only one root, with min-
imal loss of function because the vast majority 
of the muscles receive nerve fibers from at least 
two roots. The best example is an isolated lesion 
of C7. If two or three neighboring roots are 
involved, a characteristic paralysis pattern 
develops [1, 3, 17].

 C5–C6 Root Injury

Patients with a C5–C6 root injury present with a 
palsy of shoulder abduction and external rotation, 
elbow flexion, and forearm supination. The cora-

cobrachialis remains innervated. The flexor carpi 
radialis and pronator teres are functional, but 
weak. Wrist flexion is usually preserved, because 
the palmaris longus and the flexor carpi ulnaris 
are unaffected. Hand grasp and pinch strength 
and wrist extension and elbow extension strength 
are diminished compared to the normal strength 
values in the unaffected arm [2, 17].

 C5–C7 Root Injury

The clinical picture of a C5–C7 root injury is 
similar to that observed with C5–C6 injuries. 
Wrist, finger, and elbow extension are also usu-
ally preserved, but with greater loss of strength 
than in C5–C6 patients. The flexor carpi radialis 
and pronator teres are paralyzed, as well as the 
latissimus dorsi muscle in roughly half of 
patients. Hand grasp and pinch strength and wrist 
extension and elbow extension strength are sig-
nificantly weaker than in those with a C5–C6 
injury.

There is usually a reduction of sensation in all 
fingers, especially in the thumb, but hand protec-
tive sensation is preserved. There is a longitudi-
nal area of anesthesia along the lateral aspect of 
the forearm and arm and over the deltoid chevron 
[2, 17].

 C5–C8 Root Injury

In addition to shoulder and elbow flexion palsy, 
the teres major, latissimus dorsi, pectoralis major, 
and triceps are paralyzed. Wrist extension is par-
alyzed, but some patients can extend the wrist 
with the help of thumb and finger extensors. 
Wrist flexion is possible, thanks to the palmaris 
longus, and pronation is possible because the 
pronator quadratus is still functional. Hand grasp 
and pinch strength are less than in C5–C6 and 
C5–C7 patterns [2].

There is a continuous longitudinal zone of lost 
protective sensation over the lateral forearm, 
lower arm, and deltoid chevron, as in the C5–C7 
group, but wider. Unlike the previous group, the 
dorsal aspect of the hand is affected. With respect 
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to the fingers, there is no particular pattern of sen-
sory disturbance. Some patients present with 
thumb anesthesia, but in no instance is there com-
plete anesthesia of all fingers. Horner’s sign is 
absent [2].

 C5-T1 Root Injury with Partially 
Preserved Finger Flexion 
and Horner’s Sign

In these patients, the shoulder is completely para-
lyzed. Adduction is not possible, because the 
pectoralis major is totally paralyzed, and there is 
also palsy of finger and wrist extension. Wrist 
flexion is weak, but preserved in some patients 
because the palmaris longus remains functional. 
Finger flexion is possible, but incomplete in 
excursion and not functional for all fingers. 
Grasping and pinch are extremely weak and, 
thereby, nonfunctional. Thumb anesthesia is fre-
quent. The dorsal aspect of the hand is completely 
anesthetized. The lateral longitudinal area of 
anesthesia over the forearm and arm is wider than 
in C5–C8 patients, comprising 2/3 of the limb 
circumference. There is still a zone of normal 
sensation over the ulnar border. The findings 
observed in this group of patients may be due to 
a partial root injury of T1 or, more likely, to a 
post-fixated brachial plexus [2, 3, 17].

 C8-T1 Root Injury

In these patients, shoulder function and elbow 
flexion are normal. Wrist and finger extension are 
preserved. The flexor carpi radialis is preserved, 
but the flexor carpi ulnaris and palmaris longus 
are paralyzed. The pronator teres is also pre-
served. Intrinsic muscles of the hand are partially 
preserved. The flexor pollicis longus is paralyzed. 
Wrist extension is weaker than in the normal 
wrist [2, 3].

Sensory disturbances compromise the ulnar 
aspect of the hand and forearm. Horner’s sign is 
always present [2, 17].

 C7-T1 Root Injury

In C7-T1 patients, shoulder and elbow range of 
motion are normal, but strength is markedly 
reduced relative to the patient’s normal side and 
to the affected limb in C8-T1 patients [16].

Wrist extension is weak, roughly half the 
strength of the normal side, and with radial devia-
tion due to extensor carpi ulnaris palsy [2, 16].

Sensory disturbance is present along the ulnar 
aspect of the hand, forearm, and arm. As opposed 
to C8-T1 patients, decreased sensation also is 
present in the third finger [2].

 C8-T1 Root Injury

Triceps paralysis and weak wrist extension are 
the main differences in this group compared to 
the previous group of patients. Shoulder motion 
and elbow flexion are almost normal [2].

 C5-T1 Palsy

In these patients, the clinical picture is a flail 
limb. All patients present with a Horner’s 
sign. The sensory deficit includes the entire 
limb, except for the inner aspect of the arm 
[2, 3, 17].

 Timing of Surgery

Deciding on the right time to operate on a trau-
matic brachial plexus injury must be done fol-
lowing a thorough analysis of each case.

Patients with total palsy of the brachial plexus 
following the causal trauma have almost no 
chance of spontaneous recovery, so early surgery 
is usually indicated, even more so if root avul-
sions are diagnosed [2].

Conversely, with partial injuries some sponta-
neous improvement might occur. The best time to 
operate on such patients is after the third month, 
but before the sixth month after injury. Good 
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results can be achieved after the seventh month, 
but the rate of good results decreases drastically, 
especially after 9 months [2, 3, 17].

One year since the trauma that caused the bra-
chial plexus injury is the maximum time gener-
ally accepted to perform primary repair surgery 
expecting good results [3].

 Other Determinants of Treatment

As mentioned previously, it is well established 
that certain factors play an important role in the 
outcomes experienced by patients who undergo 
brachial plexus reconstructive surgery. Among 
these factors, the time from trauma to surgery and 
the extent of the primary lesion seem to be the 
most important [18].

Recently, other factors like compliance with 
postoperative rehabilitation [19, 20], the patient’s 
age [18], and the patient’s body mass index [21–
23] have been considered, though they seem to be 
less major determinants.

 Body Mass Index

Body mass index (BMI), which reflects a patient’s 
weight relative to height, has only recently been 
reported as another prognostic factor, with its 
influence appearing not to be as strong as the tim-
ing of surgery [22, 24].

Data published in the literature seem to favor 
lower BMI as a predictor of enhanced outcome, 
with an inverse relationship between mean BMI 
and clinical results [23–25].

Socolovsky et  al. analyzed the influence of 
BMI on the outcomes for abduction following 
spinal accessory to suprascapular nerve transfers, 
and a high BMI was found to predict a poorer 
outcome, measured as the degrees of shoulder 
abduction achieved after a minimum 24 months 
of follow-up [22].

Lee et al. identified BMI as one of the factors 
affecting deltoid strength after triceps motor 
branch transfer for axillary nerve reinnervation. 
Patients with a higher BMI do not necessarily 

have larger deltoid muscles and need more del-
toid strength to elevate their heavier arms [25].

Proximal muscle reinnervation is more depen-
dent upon BMI than distal muscle reinnervation, 
because proximal muscles must support more of 
the limb’s weight [23].

 Patient Age

It has long been known that the pediatric nervous 
system has greater plasticity and regenerative 
potential than the adult’s, and it is common expe-
rience that younger adults recover faster and 
more robustly than older adults.

Data also suggest that age is linked to the out-
comes of brachial plexus surgery. A number of 
case series have demonstrated poorer outcomes 
for nerve repair and reconstruction in older 
patients [23]. It has been suggested that this trend 
may be related to a decreased capacity for nerve 
regeneration in older patients [26].

In one analysis of 194 musculocutaneous 
nerve reconstructions in the context of brachial 
plexus injuries, patients younger than 20 demon-
strated significantly superior biceps/brachialis 
power than those older than 40 [27].

In 2009, Terzis et al. analyzed axillary nerve 
reconstructions in posttraumatic plexopathy 
patients and found that people younger than 
20  years old obtained superior deltoid power 
(mean = M3.18) than those older than 20 years 
(mean = M2.70) [28].

Poor outcomes have also been observed in 
older patients specifically receiving nerve trans-
fers. Lee et al. found that deltoid strength after a 
triceps to axillary nerve transfer correlated 
inversely with the patient’s age [28].

A recent study found that increasing age 
adversely affects outcomes with respect to elbow 
flexion, but could not demonstrate it for shoulder 
abduction [18].

It appears that increasing age is associated 
with steadily worsening elbow flexion and shoul-
der abduction outcomes, perhaps indicating a 
need for earlier surgery and/or more aggressive 
repairs in older patients.
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There is very little published data available 
to evaluate the outcomes of nerve transfers in 
patients older than 70 [25]. As described ear-
lier, although age has been identified as an 
independent risk factor in the literature, there 
are other more important determinants, like the 
duration of time from injury to surgery [2, 26, 
28]. The current literature on brachial plexus 
surgery in elderly patients questions the dogma 
that older patients who receive nerve transfers 
fare poorly [23].

 Rehabilitation

The influence of an intense and prolonged reha-
bilitation program on the final result in patients 
with a brachial plexus injury is well-known 
among peripheral nerve surgeons.

Outcomes related to compliance with postop-
erative rehabilitation have recently been analyzed 
[19, 20, 29], with statistically superior outcomes 
achieved in patients who followed a specialized 
neuro-rehabilitation program than in those who 
either failed to follow a rehabilitation program or 
were deficient in their compliance.
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Priorities of Treatment and 
Rationale in Adult Brachial 
Plexus Injuries

Allen T. Bishop

 Goals of Chapter: To Provide 
a Framework for the Initial 
Neurosurgical Management 
of Adult BPI

Planning the initial treatment of brachial plexus 
injuries in adult patients is a complex process, 
requiring acquisition of information from the med-
ical history, physical examination, imaging, preop-
erative and intraoperative electrophysiologic 
studies, as well as anatomical findings at surgery.

The goal of initial management is to restore as 
much function as possible to the limb, at the earli-
est appropriate time following injury. Immediate 
intervention of closed injury has its advocates, but 
is generally chosen primarily for penetrating or iat-
rogenic injuries when primary nerve repair is pos-
sible. Exploration and identification of stretched or 
ruptured plexal elements at the time of vascular or 
fracture surgery also have value, with a plan for 
later reconstruction to bridge areas of scar. Tagging 
of nerves at physiologic length at initial inspection 
is to be recommended in these instances, expecting 
the need to further resect scarred nerve stumps.

Suspected nerve root avulsions warrant early 
intervention due to the poor prognosis for sponta-

neous recovery. Intradural injury may be inferred 
by a detailed examination of proximally innervated 
motors, absence of a Tinel’s sign in the posterior 
cervical triangle, associated injury to phrenic or 
spinal accessory nerves, deviation of the head and 
neck towards the opposite side, and/or presence of 
an ipsilateral Horner’s syndrome. In addition, 
myelographic abnormalities and electrophysio-
logic studies demonstrating preservation of sensory 
nerve conduction in insensate areas provide addi-
tional evidence. If other medical factors permit, 
intervention in the first 1–3 months is encouraged.

Surgery should be delayed in incomplete inju-
ries, or complete injuries without evidence of 
avulsion until after 3 months, as there is currently 
no method to differentiate a neuropraxic conduc-
tion block from a more severe axonotmetic or 
neurotmetic injury. Most surgeons would plan for 
this period of observation, with careful serial 
exams and EMG to document any observed 
improvement. Absence of improvement in one or 
more segments of the plexus provides the indica-
tion for surgery. Delay beyond 6  months, how-
ever, will result in generally poorer outcomes [1].

 Why Set Priorities?

Every patient understandably desires restoration 
of normal limb function. Unfortunately, 
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recovery from most adult brachial plexus inju-
ries  generally precludes full recovery. It is nec-
essary to plan to reconstruct what is achievable 
rather than what is desired or desirable for this 
reason. Multiple factors affect recovery from 
plexal injury. The most important of these are 
discussed below:

 High-Energy Mechanism of Injury
Most injuries in adults result from motor vehicle 
accidents or falls. These closed injuries fre-
quently produce both irreparable nerve root avul-
sions and extensive longitudinal axonotmetic 
damage. Separation of ventral and dorsal rootlets 
from the spinal cord, termed a “root avulsion,” is 
not practically reparable. If not avulsed, there is 
commonly an extensive damage to plexal ele-
ments extradurally, with axonotmesis and exten-
sive scarring and/or rupture resulting in large 
nerve gaps.

 Limited Sources of Autologous Nerve 
Graft
Sources of expendable nerves are generally lim-
ited to small diameter sensory nerves, occasion-
ally combined with vascularized ulnar nerve 
grafts when both C8 and T1 are avulsed [2, 3]. 
The amount of available material may fall short 
of what is needed to satisfy all available proximal 
nerves. One or both sural nerves are among the 
most expendable and useful sources. Sensory 
nerves from an insensate area of the paralyzed 
arm may also be used, commonly including the 
radial sensory nerve and lateral antebrachial 
cutaneous nerves.

 Problems with Autograft Alternatives: 
Nerve Conduits and Allograft
Results of motor recovery, when using engi-
neered conduits or allogeneic nerve material are 
generally poorer than those with autograft nerve 
[4–6]. Although engineered nerve conduits are 
readily available, they are generally contraindi-
cated for defects other than short gaps in sensory 
nerves. Fresh and less-immunogenic processed 
nerve allografts have been extensively studied for 
major mixed nerve reconstruction. Reports of 

processed allogeneic nerves used to reconstruct 
brachial plexus injury are largely anecdotal [7, 
8], and experimental studies demonstrate poorer 
functional outcomes [4, 9]. Fresh allografts 
require prolonged immunosuppressive treatment 
to facilitate axon regrowth, risk late rejection, 
and carry some risk of disease transmission [7, 
10–13].

Decellularized or processed allografts provide 
results intermediate to conduits and autograft [4, 
13]. Efforts are ongoing to improve allograft per-
formance and hold future promise [11, 14–16].

At present, however, nerve autografts, either 
conventional or vascularized, remain the “gold 
standard” for mixed motor nerves and most espe-
cially for proximal locations such as the brachial 
plexus [9].

 Limited Sources for Intra- or 
Extraplexal Nerve Transfer Donors
Nerve transfers provide an attractive alternative 
to grafting and often have proven superior when 
used to target specific needed functions. Transfers 
from expendable non-plexus nerves as well as 
intraplexal sources in incomplete injuries have 
greatly expanded options and improved results of 
these devastating injuries.

 Time-Related Muscle Changes 
in Lower-Motor Neuron Injury
Elapsed time from injury to motor regeneration 
remains a critical problem in peripheral nerve 
surgery. The basic problem lies in the distance 
from the proximal nerve coaptation and the target 
muscle or sensory end organ. At the typical rate 
of 1–2 mm/day, nerve regeneration is a prolonged 
process. The importance of distance cannot be 
overemphasized, due to the current inability to 
mitigate the effects of lower motor neuron inju-
ries on the muscles they supply. With loss of the 
lower motor neuron, involved muscles are com-
pletely denervated. A series of physical and met-
abolic changes occur as a result. These changes 
effect acetylcholine receptors, cellular metabo-
lism as well as cytoskeletal and contractile pro-
teins. Eventually, muscle may be replaced with 
scar and adipose tissue [17, 18]. Nerve regenera-
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tion time may be shortened by use of vascular-
ized nerve grafts, direct nerve transfers closer to 
the desired muscle’s point of innervation, or even 
skeletal shortening [19–22].

 Slow and Imperfect Regeneration 
of Nerve Axons
While neuropraxic injury will generally 
recover, axonotmesis and neurotmesis disrupt 
not only the nerve fibers but also intraneural 
blood supply, connective tissue layers, and sup-
porting cells.

 Proximal Neuron Death
The distal axon, separated from its cell body, can-
not be sustained. Depending upon the severity of 
the disruption, the ability of reparative mecha-
nisms to permit axon regeneration will be vari-
ably compromised. The neuron itself has limited 
ability to regenerate and may at times not survive 
the axonal injury. This proximal dieback of neu-
rons is more likely in sensory than motor neurons 
and more likely with disruption close to the cell 
body.

 Associated Injury
Injury to adjacent soft tissue hampers nerve 
regeneration as well, due to exposure to the envi-
ronment, vascular compromise, and/or infection. 
Vascular injury requiring stents or grafts in the 
subclavian or axillary vessels of the paralyzed 
limb is at the least a relative contraindication for 
free functioning muscle flap reconstruction. 
Ipsilateral fractures of ribs 3–7 carry a 10% risk/
rib of intercostal nerve damage, limiting their use 
at times for extraplexal nerve damage. Phrenic 
nerve palsy is also associated with proximal 
plexus injury [23]. The use of intercostal nerves 
in the face of an ipsilateral phrenic nerve injury is 
a further clinical consideration, although gener-
ally found to be well tolerated. Similarly, damage 
to the spinal accessory nerve (eleventh cranial 
nerve) is common in conjunction with plexal 
injury. The resultant weak or paralyzed ipsilateral 
trapezius muscle eliminates another often impor-
tant extraplexal nerve or tendon transfer source. 
Skeletal injury causing bone or joint instability, if 

left uncorrected, will also disturb the nerve recov-
ery process.

 Technical Factors
Technical factors also greatly affect nerve repair. 
These include accuracy of nerve alignment, ten-
sion at the repair site, number and location of 
sutures, as well as proper positioning of the nerve 
stumps without either excessive gapping or 
crowding/folding of fascicles.

In most cases, tension-free coaptation is not 
possible due to rupture with retraction and intra-
neural scarring. Nerve grafts to bridge such 
defects are required if direct reconnection of 
proximal nerve and distal targets is required. 
Regardless of the type of reconstruction, accu-
racy is facilitated by microsurgical technique 
[24]. Use of fibrin glue, nerve wrapping, and 
similar tools has improved or at least not 
adversely affected results [25–27].

Despite meticulous technique and the best 
available microsurgical equipment, nerve recon-
struction remains grossly inaccurate at the scale 
of the nerve fiber. Axonal growth is often misdi-
rected or blocked entirely, resulting in results that 
seldom meet the aspirations of surgeons and the 
expectations of their patients.

 Brachial Plexus Injury Priorities

Priorities for neurosurgical reconstruction are 
based on assessment of what needed functions 
are both most important and likely to be success-
fully restored. There is general agreement 
 regarding these priorities. The approach selected 
to achieve the desired function will vary depend-
ing upon the pattern of injury and surgeon expe-
rience, skill, and preferences, but should be 
largely based upon careful analysis of outcomes. 
From highest to lowest, the priorities for recon-
struction are:

 1. Elbow flexion
 2. Shoulder stabilization and external rotation
 3. Grasp and release function wrist extension/fin-

ger flexion and wrist flexion/finger extension
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 4. Hand sensation
 5. Intrinsic hand function

 Elbow Flexion

 Elbow Flexion in Pan-plexal Injury
Global injuries generally are the result of motor 
vehicle accidents or similar high-energy insults. 
The result is a supraclavicular injury, most com-
monly causing avulsion of four or five nerve roots. 
In our experience, neither the C5 nor the C6 nerve 
root is usually available for nerve grafting, and 
extraplexal nerve options must usually be selected.

Grafting from a normal C5 or C6 root for 
elbow flexion when available would seem logi-
cal, to restore normal activation of elbow flexors. 
Reported results when performed within 
6  months of injury have been somewhat disap-
pointing. A study of 68 such grafts evaluated 
results by donor root (C5 or C6), time from injury 
to surgery, and length of nerve graft. Sixty-two 
percent of patients operated within 6 months of 
injury achieved MRC III or better function [28]. 
Forty-four percent of those operated between 7 
and 12 months reached functional strength, and 
only 12.5% thereafter. Grafts longer than 12 cm 
produced a poorer result. There was no signifi-
cant difference between C5 or C6 root donors. A 
larger series reported 53% good or excellent 
results with grafting from either C5 or C6 [29]. 
Efforts to improve results have focused primarily 
on extraplexal direct transfers from intercostal 
nerves as originally described by Tsuyama [30].

 Nerve Transfers for Elbow Flexion
Nerve transfer from extraplexal nerves has 
become routine for reconstruction of elbow flex-
ion. This is of course mandatory when all proxi-
mal roots are avulsed but also often preferred to 
intraplexal nerve grafts when roots are available 
by many surgeons. Many such transfers have been 
reported, using two or more intercostal nerves, the 
spinal accessory nerve with an interposed graft, 
phrenic nerve, and contralateral C7 with or with-
out grafts. It should be intuitive that intraplexal 
transfers cannot be performed in global injury.

Intercostal nerve crossing, originally described 
by Tsuyama et al. [30], has been the “gold stan-

dard” procedure for reconstruction of elbow flex-
ion in patients with complete avulsive injury. A 
later review of their experience demonstrated 
82% at least MRC III recovery in adults younger 
than 40 treated within 7 months of injury [31]. 
Results have varied significantly in other reports, 
including a review of 19 studies and 635 cases 
reported in which 35% achieved at least MRC IV, 
and an additional 31%, MRC III [32].

Spinal accessory nerve transfer provided 
72.5% MRC III or better in a large series of 216 
patients [33] and 71% of another when surgery 
was performed by 6 months. Thereafter, results 
were much less satisfactory (55% at 7–12 months, 
and 0% when performed after 1 year) [28].

Phrenic nerve transfer has been controversial, 
given reasonable concern about pulmonary func-
tion after phrenic transection. A systematic 
review of 7 phrenic nerve transfer series includ-
ing 124 patients was reported by de Mendonça 
[34]. 70.1% of patients achieved MRC III or 
greater strength, but with some initial impairment 
of pulmonary function. When transferred directly 
to anterolateral bundles of the anterior division, 
upper trunk, the phrenic nerve results did not dif-
fer statistically from intercostal nerve transfer 
[35]. Fifteen of 23 phrenic transfers achieved full 
elbow flexion (65%).

 Functioning Free Muscle Transfer for Elbow 
Flexion
Functioning free muscle transfers can be per-
formed for elbow flexion alone or combined with 
an additional, more distal function (e.g., com-
bined with wrist or finger extension) [36] or fin-
ger flexion [37]. The use of a free muscle for 
combined elbow flexion and a hand or wrist func-
tion will weaken elbow flexion strength—a fact 
that must be weighed against the importance of 
the added function [38]. Additionally, distal func-
tion requires the ability to stabilize the elbow 
with triceps reinnervation, provided by another 
extraplexal nerve transfer [39]. Although other 
muscles have been used, the gracilis has been the 
most commonly selected donor, due to its favor-
able anatomy [40].

Free muscle flaps have the advantage of no 
period of denervation prior to the surgical proce-
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dure. When used for elbow flexion, the motor 
nerve may be placed in close proximity to the 
intercostal or spinal accessory nerve, also limit-
ing the time period required for reinnervation, 
averaging 5 months in one series [38]. In 62 cases 
of pan-plexus injury, 68% of gracilis free flaps 
neurotized with intercostal nerves regained at 
least M3 function [41]. These results were supe-
rior to direct intercostal nerve transfer to biceps 
(42% M3 or greater). For this reason, we gener-
ally consider a free muscle flap in acute recon-
struction to be our preferred method for global 
injuries. Significantly, the addition of direct nerve 
crossing to the biceps in addition did not signifi-
cantly improve results [42].

 Elbow Flexion in C5–6 or C5–7 Pattern
Injuries to the upper trunk, Erb-Duchenne palsy, 
produce paralysis of shoulder abduction and 
external rotation as well as loss of elbow flexion. 
The addition of C7 or middle trunk injury results 
in some variable additional weakness of elbow 
and/or wrist extension. Restoration of elbow flex-
ion in these injuries is most successfully done by 
an intraplexal fascicular transfer to the biceps 
motor branch of the musculocutaneous nerve 
from the adjacent ulnar nerve [43]. Recovery of 
elbow flexion is rapid and reliable, particularly in 
purely upper trunk lesions.

The addition of brachialis reinnervation by 
addition of a second transfer from median nerve 
is a logical procedure to further improve strength 
[43–49]. We have not found this addition to result 
in statistically significant increased strength 
when compared to ulnar fascicular transfer alone 
and prefer to avoid risking further disturbance of 
wrist and hand motor and sensory function in 
most cases [47].

 Shoulder Stability and External 
Rotation

 Goals
Shoulder motion and dynamic stability depends 
upon innervation from the brachial plexus, pri-
marily upper and middle trunks. The complex 
and coordinated interaction of multiple nerves 
and muscles required for positioning the arm and 

forearm is a challenge to restore with plexus 
injury. Paralysis of the shoulder results in sublux-
ation of the humeral head due to the unopposed 
weight of the arm, which is frequently painful. 
Recovery of muscles crossing the joint will 
improve subluxation. Alternatively, glenohu-
meral arthrodesis will serve the same purpose.

Restoration of lost motion is also an important 
surgical goal. Although older papers have empha-
sized shoulder abduction in reporting successful 
outcomes, it is now recognized that external rota-
tion is functionally the motion of greater impor-
tance [50]. External rotation allows active 
positioning of the hand in front of the body for 
better manipulation of the environment, while 
abduction allows motion only in the coronal 
plane.

 Shoulder in Pan-Plexal Injury
In pan-plexal injury, the only shoulder girdle 
muscles reliably functioning are the trapezius, 
innervated by the spinal accessory nerve; rhom-
boid, variably through C4; and levator scapulae 
(C3–5). Severe injuries often damage more prox-
imal cervical nerves as well as the spinal acces-
sory nerve, weakening or paralyzing all remaining 
shoulder musculature. In such cases, particularly 
when all nerve roots are avulsed, options to 
restore active motion are limited.

A careful physical exam must be performed 
to assess potential treatment options, later con-
firmed by electrophysiologic studies and 
myelography.

Options to improve shoulder girdle symp-
toms in a global injury may include nerve 
grafts, nerve transfers, tendon transfer, and 
arthrodesis. The latter two are generally consid-
ered after the acute phase of treatment, but must 
be considered at the time of injury when 
resources are limited for other desired func-
tions. Reconstructive procedures that stabilize 
the shoulder will improve more distal function, 
including strength of elbow flexion and exten-
sion. Improved positioning of the hand pro-
vided by shoulder positioning results in more 
functional grasp as well [51]. Shoulder recon-
struction is generally directed to the axillary 
and suprascapular nerves.

12 Priorities of Treatment and Rationale in Adult Brachial Plexus Injuries



146

 Nerve Graft
Reconstruction of axillary and suprascapular 
nerve function by nerve graft from available 
plexal nerve roots or extraplexal transfer is desir-
able in global injury. The C5 nerve root, if avail-
able, should be routinely selected for shoulder 
reconstruction if available. Unfortunately, our 
experience has found most adult global palsies to 
have all five nerve roots avulsed, confirmed by 
evoked potential monitoring. In these cases, 
either nerve transfer or a later procedure (tendon 
transfer or arthrodesis) are the only possibilities 
for the shoulder.

 Nerve Transfers
Intraplexal nerve transfer is, of course, not pos-
sible in global injuries. The most common extra-
plexal shoulder procedure is the direct spinal 
accessory to suprascapular nerve transfer. It tar-
gets the most desired function (external rotation) 
and requires no interposed graft. Other sources of 
nerve to the shoulder have included intercostal 
nerves, phrenic nerve, cervical plexus motor 
nerve, and the contralateral C7 procedure [51, 52, 
53]. The desired result of shoulder external rota-
tion by reinnervation of the infraspinatus muscle 
has proven to be less successful than abduction, 
particularly with pan-plexal injury.

 Arthrodesis
When grasp is not attempted in global avulsive 
injury, reconstruction of elbow flexion as an ini-
tial intervention followed by later shoulder 
arthrodesis is a time-tested option [30, 54]. 
Results have generally been satisfactory in 
global palsy, resulting in improved shoulder 
girdle active motion at the scapulothoracic joint. 
At times, humeral rotational osteotomy may 
also be considered to improve external rotation 
position [55].

 Tendon Transfer
The recognition of the importance of external 
rotation for function has led to the development 
of new methods to animate the shoulder. Unlike 
the Saha procedure, which moved the trapezius 
with the acromion to the deltoid tuberosity, trans-
fers are now more commonly directed to the 

infraspinatus tendon, using the inferior third of 
the trapezius or (if ipsilateral distal muscle para-
lyzed by injury or spinal accessory transfer) con-
tralateral lower trapezius [56, 57]. More 
conventional tendon transfers using latissimus 
dorsi or teres major are of course not possible due 
to paralysis in global palsy.

 Shoulder in C5–6 or C5–7 Injury
The same options exist in incomplete plexus 
injury. Preservation of partial shoulder girdle 
function in some of these patients leads to pre-
dictably better range of motion by either nerve 
graft or nerve transfer [58].

 Grasp and Release

 Goals
Restoring grasp is a challenging undertaking, 
with results generally poor enough to make this 
desirable function at the bottom of the prioritized 
function list. A discussion of grasp should also 
include release. Grasp ideally requires active 
wrist extension and finger flexion as well as posi-
tioning of the thumb for key pinch against the 
radial border of the index finger. Release requires 
wrist flexion and finger and thumb extension. 
Finally, the proper pattern of finger flexion 
requires positioning of finger metacarpophalan-
geal (MP) joints in flexion prior to activation of 
long finger flexors. As intrinsic function is virtu-
ally never restored in proximal nerve injury, this 
requires a MP joint tenodesis or arthrodesis pro-
cedure in order to avoid an “intrinsic minus” or 
claw deformity. The ability to position the thumb 
for oppositional pinch similarly requires thenar 
motor recovery. As this is not practical, some 
form of thumb CMC positioning for key pinch by 
arthrodesis or tenodesis is needed, as well as sta-
bilization of the IP joint to simplify the multiple- 
joint thumb axis.

 Indications
Loss of wrist and hand function results from 
injury to the C8 and T1 nerve roots, generally 
occurring in complete or global plexus injury. In 
the majority of these injuries, the spinal nerves 
are avulsed. The irreparable nature of the injury 
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and the long distance and time required for motor 
axon growth from proximal transfers to distal tar-
gets make meaningful recovery challenging 
without special techniques using free gracilis 
muscle flaps or contralateral C7 transfers. These 
procedures have demonstrated the ability to 
restore some useful (if rudimentary) grasp in 
some patients.

 Contraindications

 Stiff Hand
In order for useful grasp to occur, the hand and 
wrist must be sufficiently supple to allow the 
desired motion. In some patients with plexus 
injuries, the hands are dystrophic and stiff. In our 
experience, intensive physiotherapy with and 
without capsulotomy has generally not proven 
successful in obtaining the desired degree of 
tension- free movement of interphalangeal joints.

 Vascular Injury
When functioning free muscle flaps are decided 
upon for hand function in brachial plexus injury, 
the absence of usable nerves in the arm requires 
both proximal fixation as well as proximal nerve 
and microvascular connections. Damage to the 
axillary or subclavian vessels in general is a con-
traindication to free muscle transfers, although 
collateral flow may at times allow a successful 
outcome [59].

 Grasp and Release in Pan-plexal Injury

 Contralateral C7
The use of the opposite limb (contralateral) C7 
nerve root was pioneered by Yu-Dong Gu, applied 
to a variety of distal targets but most notably the 
median nerve for hand sensation and flexion [60]. 
The entire C7 nerve root may be used, with sur-
prisingly little donor morbidity in most cases, 
although use of a portion is preferred by some 
[61]. When targeting the median nerve, a pedi-
cled vascularized ulnar nerve graft from the para-
lyzed arm is used to optimize axon regrowth. 
Alternatively, direct C7 transfer retro- 
esophageally prolonged to include the middle 
trunk and its divisions avoids the use of any 

 intervening graft and allows targeting a variety of 
additional functions, including elbow flexion and 
ulnar nerve motors [19, 20]. At times, direct 
transfer may also require shortening the humerus 
of the paralyzed arm, bringing the selected distal 
targets closer to the proximal nerve stumps. The 
size and age of the patient are factors influencing 
recovery, as is elapsed time from injury. We have 
abandoned the hemi-contralateral C7 procedure 
as originally described in adults due to poor out-
comes [62], but find if of use in neonatal global 
palsy with complete avulsions.

 Free Muscle for Grasp
Another approach to solving the grasp problem 
has been to use the gracilis muscle, whose anat-
omy is favorable for animating the hand. This is 
primarily due to the proximal location of its 
major vascular pedicle and adjacent obturator 
nerve supply, combined with its length [40]. 
These factors allow the pelvic origin of the mus-
cle to be secured to the clavicle and acromion, 
with vascular repairs to available infraclavicular 
vessels (most commonly thoracoacromial trunk 
or thoracodorsal arteries and veins). Harvest of 
the entire muscle with its distal tendon of inser-
tion at the pes anserinus allows it to reach distal 
to the elbow to connect with wrist or finger 
extrinsic tendons. Variations described have 
included transfer of one, two, or three muscles in 
an effort to obtain useful hand function.

 Double Free Muscle Procedure
The ability to restore grasp in brachial plexus 
injury via functioning free muscle microsurgical 
flap transfer was described by Doi et  al. [63], 
using one gracilis free muscle flap for combined 
elbow flexion and finger extension with spinal 
accessory nerve transfer, followed shortly there-
after with a second gracilis flap to provide finger 
flexion controlled by two intercostal motor 
nerves. Additionally, reinnervation of the triceps 
is required to position the hand in space. Triceps 
function is restored at the time of the second pro-
cedure with two additional intercostal nerves. 
Sensory intercostal nerves are generally trans-
ferred as well, to the median nerve or lateral cord 
contribution to median nerve.
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Shoulder function has been restored using a 
C5 nerve root if available, or by a contralateral 
C7 procedure. Alternatively, arthrodesis or ten-
don transfer options may be considered. Shoulder 
function has been demonstrated to be important 
by some means in order for adequate grasp func-
tion [51]. Later thumb CMC fusion, tenolysis of 
one or both gracilis flaps, or shoulder fusion may 
be required to optimize function. Doi has reported 
96% successful restoration of elbow flexion, and 
65%, grasp with at least 30° of total active 
motion. In our experience, 75% of patients recov-
ered M4 elbow flexion, and 65%, similar finger 
flexion obtaining at least M3 elbow flexion [38]. 
We prefer to transfer the first gracilis to wrist 
rather than finger extensors to augment the teno-
desis effect for finger flexion, as adequate wrist 
extension was otherwise absent, or required acti-
vation of finger extensors crossing the wrist 
which adversely affected grasp.

 Single Gracilis Muscle for Grasp
We have found patients reluctant to undergo the 
extensive commitment of two lengthy microsurgi-
cal procedures and in recent years have developed 
a single gracilis procedure that restores grasp, but 
not release. The procedure is described in detail in 
a subsequent chapter, but relies upon intercostal 
nerve transfer to both biceps and gracilis for 
elbow flexion and grasp and transfer of the spinal 
accessory nerve to the triceps long head motor 
branch. Sensory neurotization is performed with 
intercostal sensory nerves, and shoulder function 
by available C5 nerve root or later stabilization. A 
subsequent wrist fusion optimizes the mechanics 
of finger flexion, and the thumb repositioned for 
key pinch at the same time.

 Triple Muscle Transfer for Grasp and Wrist 
Extension
Transfer of the adductor longus with the gracilis 
is occasionally possible with a single vascular 
pedicle with separate obturator nerve branches 
[64]. This enables a modification of the double 
free muscle procedure to include a separate motor 
for another purpose, such as wrist extension, 
combined with gracilis-provided finger flexion. 
The feasibility of this procedure has been pub-

lished by Yuan-Kun Tu, but results as a triple 
transfer not reported in print.

 Amputation and Prosthetic Fitting
Amputation remains an option, requested at 
times by patients troubled by painful shoulder 
subluxation or uncontrollable, insensate limbs 
[65]. Relief is provided for these bothersome 
problems with appropriate patient selection. 
Fitting with a passive cosmetic or limited- 
function prosthesis has proven to be of social or 
functional use in some of our patients.

Advances in prosthetics and prosthetic control 
using targeted reinnervation have revolutionized 
care of traumatic amputations and have opened 
the door for similar advances, just beginning to 
make inroads for brachial plexus injury patients 
[66–69]. Most such cases have been in incomplete 
injuries with substantial spontaneous or postsur-
gical recovery. The need to maximize return of 
proximal function including sufficient strength 
and motion to position a prosthesis for useful 
function will make the need for initial reconstruc-
tive surgery likely, rather than a “bionic arm” sub-
stitute without need for other interventions.

 Outcome
Truly useful grasp requires the ability to position 
the wrist in extension with activation of finger 
flexors. Ideally, wrist extension is actively rather 
than passively positioned by arthrodesis. This is 
often challenging to accomplish, requiring dou-
ble or even triple muscle transfers [38, 70] or 
modifications to the contralateral C7 procedure 
permitting direct transfer of multiple extraplexal 
transfers to provide a chance for useful recovery 
[19]. Whether reconstructed by contralateral C7 
technique or by functioning free muscle 
transfer(s), useful function requires a number of 
anticipated steps to all be successful and to func-
tion together to be useful.

Release in a normally innervated extremity 
occurs with activation of wrist flexors and digit 
extensors. In a paralyzed hand, restoration of 
either motor may be useful. Active wrist flexion 
if present or reconstructed may enable later teno-
desis of extensor digitorum and extensor pollicis 
longus tendons to the distal radius to provide bet-
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ter finger extension. Alternatively, active finger 
extension may achieve a similar result, although 
wrist extension will tend to occur simultaneously 
and may inhibit finger extension by tensioning 
the extrinsic flexor tendons. Given the problems 
with providing release function, many pan-plexus 
patients with some recovery of grasp place and 
remove objects to be manipulated with assistance 
from the opposite hand, making truly indepen-
dent bimanual activity an unlikely outcome in 
even the most successful surgery.

 Sensation

 Goals
Recovery of at least protective sensation in bra-
chial plexus injury is certainly desirable. Some 
form of sensorial feedback is required for grasp 
function. As Erik Moberg recognized in quadri-
plegic injury, “ocular” sensation, or observation 
of the hand visually during use, is one form of 
feedback not requiring cutaneous innervation of 
proven value [71]. Alternatively, nerve transfers 
are often utilized to provide critical sensibility.

 Sensation in Pan-plexal Injury
Recovery of sensation in global injury may be 
provided in global injuries by extraplexal nerve 
transfer. Both intercostal nerve and contralateral 
C7 procedures have documented ability to restore 
sensation, although without cortical re- orientation 
[61, 72, 73].

 Sensation in C5–6 or C5–7 Injury
The sensory deficit in upper brachial plexus 
injury chiefly affects index and thumb, extend-
ing to the middle finger with C7 involvement. 
Distal sensory transfers may allow recovery of 
critical sensory areas provided by the proper 
ulnar digital nerve of the thumb and proper radial 
digital nerve of the index finger. This may be 
accomplished by transfer of the common digital 
nerve to the fourth web, end to end with recovery 
of S2 or S3 function [74]. Sensory reeducation is 
mandatory in order to obtain a good result. The 
role of end-to-side neurorrhaphy performed in a 
similar fashion may potentially improve sensa-
tion without loss of donor area feeling. While 

appealing, considerable variability of reported 
outcomes in the literature makes this a less cer-
tain intervention.

 Intrinsic Function
Lowest on the list, the complex functions pro-
vided by thenar, hypothenar, interosseous, and 
lumbrical muscles intrinsic to the hand provide 
the fine, coordinated control that many patients 
expect to recover with surgical intervention. Time 
and distance, limited available nerves for trans-
fer, and changes to chronically denervated skele-
tal muscle in lower motor neuron injury make 
recovery of meaningful intrinsic function 
extremely unlikely. Patient education is required 
to lower expectations to realistic levels. In the 
(possibly near) future, powered orthoses or 
amputation with prosthetic fitting with “smart” or 
programmable terminal devices may enable a 
semblance of coordinated hand function to be 
obtainable. Efforts to overcome the muscular 
changes associated with lower motor neuron 
injury, to improve the rate and extent of axon 
regrowth, deficiencies in amount and perfor-
mance of nerve grafts and their substitutes, as 
well as avulsive injury will continue to challenge 
the next generation of reconstructive surgeons.

 Conclusions

Despite meticulous technique and the best avail-
able microsurgical equipment, nerve reconstruc-
tion remains grossly inaccurate at the scale of the 
nerve fiber. Axonal growth is often misdirected or 
blocked entirely, resulting in results that seldom 
meet the aspirations of surgeons and the expecta-
tions of their patients.
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Root Grafting in Adult Brachial 
Plexus Injuries
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For decades, root nerve grafting has been the 
main standard of repair for brachial plexus inju-
ries [1, 2]. However, the surgical exploration of 
root nerves is technically more demanding than 
nerve transfers. For example, most C6 stumps are 
retroscalenic in patients with a complete BPI, 
requiring a demanding and risky harvesting tech-
nique for which plexus surgeons must be com-
fortable to optimize functional and pain control 
outcomes [3].

Nerve transfers have become popular for sur-
geons without experience in surgical brachial 
plexus exploration, as they are performed in non- 
scarred areas with normal and reproducible anat-
omy [4]. The use of isolated nerve transfers has 
been justified because of certain theoretical 
advantages, relative to nerve grafting, like faster 

reinnervation and the avoidance of co- 
contractions. However, in a recent Systematic 
Review of Individual Participant Data on elbow 
flexion reconstruction for BPI, isolated nerve 
transfers only were superior to isolated nerve 
grafting for upper-type BPI. Nerve transfers failed 
to generate better results than nerve grafting in 
complete palsies, older patients, or late cases [5, 
6]. The authors of this review hypothesized that 
nerve transfers “lose” their biological advantages 
when the donor nerve is not connected to a termi-
nal muscle motor branch, very close to the target.

Current literature has focused on comparing 
nerve transfers and nerve grafting; but, in fact, it 
is the combination of these two techniques that 
optimizes BPI reconstruction results [5, 7]. Nerve 
grafting can be combined with nerve transfers, 
either because it is dictated by the availability of 
donors or to enhance and optimize reconstructive 
options. Benefits of the combination of nerve 
transfers and nerve grafting include the reinner-
vation of muscles other than those targeted by the 
nerve transfer, which in turn stabilizes the joint, 
thereby improving joint motion [7].

To conclude, mastering nerve root exploration 
and grafting techniques remains of paramount 
importance for BPI reconstruction. The clinical 
exam, imaging studies, and surgical exploration 
performed to determine nerve root availability 
and adequacy for grafting will be addressed in 
this chapter. We will also discuss our preferred 
nerve grafting strategies for each pattern of BPI.
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 Preoperative Judgment of Root 
Availability

Preoperative root availability evaluations, which 
combine clinical and radiological exams, are 
focused to ascertain the need for surgical explo-
ration of the upper roots (C5 and C6) for poten-
tial nerve grafting. For lower roots (C7 to T1), 
surgical exploration is not indicated for two main 
reasons: first, in complete BPI or lower BPI, they 
are almost always avulsed; and second, middle 
and lower trunk reconstruction yields very poor 
results [3, 8].

For preoperative planning to verify C5-C6 
availability post BPI, we recommend combining 
Tinel’s sign, the protraction sign (in complete 
palsies), and a CT-myeloscan [3]. In one study, a 
preoperative clinical-radiological systematic 
evaluation that combined CT myelography and 
these signs was 96.8% accurate identifying graft- 
able roots in patients with a complete BPI [3].

Although electrophysiological studies have 
also been used for preoperative planning in BPI, 
they are of limited value, and we do not rely on 
them for our clinical-radiological preoperative 
planning [9].

 Clinical Examination and Root 
Availability in BPI (Tinel’s Sign 
and Protraction Sign)

The most useful clinical signs to diagnose root 
rupture versus avulsions in patients with a total 
BPI are Tinel’s sign and the protraction sign [3, 
10, 11].

Tinel’s sign is performed using gentle percus-
sion over the supraclavicular region. Painful par-
esthesias radiating to the arm and eventually to 
the forearm (C5 root) or hand (C6 root) are con-
sidered a positive Tinel’s sign. Approximately 
90% of patients with a positive Tinel’s sign have 
a C5+/-C6 root available for grafting [3].

The protraction sign is evaluated with the 
shoulder protraction test, which indicates post-
ganglionary C5 injury, as the upper motor branch 

of the long thoracic nerve stems directly from C5, 
innervating the upper digitations of the serratus 
anterior muscle [3]. Forward motion of the shoul-
der girdle around the chest wall is evaluated with 
the patient in a supine position, separating the 
scapula from the bed. Motion is resisted by the 
examiner’s hand placed over the anterior side of 
the shoulder, while concomitant shoulder eleva-
tion is avoided to prevent trapezius muscle par-
ticipation. The sign is considered positive when 
protraction range of motion on the involved side 
is similar to that of the contralateral side and 
scores at least BMRC M4  in strength. 
Approximately 95% of patients with a complete 
BPI and a positive protraction sign have a C5 root 
available for grafting [3].

The presence of both a positive Tinel’s and a 
positive protraction test, together with the 
absence of signs of avulsion on CT-myeloscan, is 
our indication for root nerve surgical exploration. 
However, according to Echalier, in total BPI with 
positive Tinel’s and protraction tests, imaging 
studies might not be indicated, because their 
accuracy is 95%, with no false negatives [11].

 Imaging Evaluation and Root 
Availability

Several studies have demonstrated an accuracy of 
CT myelography greater than 95% for detecting 
whether a nerve root is avulsed or ruptured [3, 12, 
13]. Detractors of CT myelography argue that it 
is an invasive examination, but their opinion is 
based on isolated clinical reports of complica-
tions [14].

Magnetic resonance imaging (MRI) has also 
been used to assess root avulsion in BPI. However, 
the reported accuracy of 1.5 T MRI detecting root 
avulsions is far poorer than for CT-myeloscan, 
ranging between 52% and 79% [15, 16]. This 
said, Echalier has recently reported 89% diagnos-
tic accuracy with this imaging modality [11]. 
Finally, MRI myelography has exhibited accu-
racy similar to CT myelography for the diagnosis 
of nerve root lesions [17].
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 Intraoperative Evaluation and Root 
Availability

Patients with a BPI and positive Tinel’s sign or 
protraction test (total palsies) and myelo-CT that 
does not reveal avulsions of upper brachial plexus 
roots will undergo surgical root exploration. 
General anesthesia is used without muscle relax-
ants. The C5-C6 roots of the brachial plexus are 
explored through a vertical 6-cm incision cen-
tered over Chassaignac’s tubercle, 1 cm anterior 
to the sternocleidomastoid muscle (Fig.  13.1). 
Roots are dissected medial to the phrenic nerve to 
check for continuity and to perform nerve trim-
ming inside a healthy zone (Figs. 13.2 and 13.3).

Roots are stimulated electrically to confirm 
paralysis using an insulated 21-gauge needle 
(Contiplex D; B.  Braun Melsungen AG, 
Melsungen, Germany) connected to a nerve stim-
ulator (Stimuplex HNS 11; B. Braun Melsungen 
AG). Stimulation begins with 1 mA; and, if no 
muscle contraction is observed, stimulus inten-
sity is progressively raised to 5 mA. The occur-
rence of muscle contraction following electrical 
stimulation indicates at least a partially preserved 

root. Any root lesion proximal to the point of 
nerve stimulation will preclude muscle contrac-
tions, because of inherent Wallerian degeneration 
of the entire segment of the nerve distal to the site 
of the lesion. A root stump also is considered 
graft-eligible if electrical stimulation of root 
branches produces muscle contraction of root- 
innervated muscles (e.g., of the serratus anterior 
muscle), if the root is uninterrupted from the 

Fig. 13.1 C5-C6 graft-able roots are explored surgically 
through a vertical incision over Chassaignac’s tubercle 
(A). The upper trunk divisions, SSN and SAN, are 
explored through a transversal incision over the supracla-
vicular region (B). “B” incision can be extended zig-
zagged to detach the trapezius muscle allowing dissection 
of the suprascapular nerve distal to the suprascapular 
notch

Fig. 13.2 Intraoperative view of the right neck depicting 
the C5 root grafted with two strands of sural nerve grafts 
(SG) to the anterior division of the upper trunk (AD). The 
healthy C5 root stump is medial to the phrenic nerve 
(Phr). The spinal accessory nerve (XI) is connected to the 
suprascapular nerve (SN)

Fig. 13.3 Intraoperative view of the right neck depicting 
the C5 root grafted with three strands of sural nerve grafts 
(SG) to the anterior division of the upper trunk (AD). The 
trapezius muscle is detached from the clavicle allowing 
extended dissection of the suprascapular nerve (SS), till a 
healthy stump is available to be coapted with the spinal 
accessory nerve (XI)
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supraclavicular or retro-scalenic region to the 
intervertebral foramen, and if a fascicular pattern 
and mushroom formation are observed after trim-
ming. When a neuroma is present at the root 
stump, it always is considered a graft-eligible 
root.

We do not perform electrophysiological stud-
ies or histological studies to monitor root quality, 
because they are either unreliable or have not 
been proven effective [18–20].

 Nerve Grafting Strategies in BPI

 C5-C6+/-C7 BPI

Approximately 80% of patients with an upper- 
type BPI (C5-C6, C5-C7) present with a graft- 
able root. Our policy is that, even when we have 
two graft-able roots (C5+C6), we combine roots 
grafting to the upper trunk and triple nerve 
transfer (SAN to SSN, Oberlin and triceps to 
axillary) [7].

A supraclavicular vertical incision is made 
over the trapezius muscle and the distal third of 
the clavicle to allow for upper trunk anterior and 
posterior division dissection, as well as for a 
SAN to SSN transfer (Fig. 13.1).

When both C5 and C6 are available for graft-
ing, one graft from the anterior part of each root 
(with neurons responsible for shoulder and elbow 
flexion) is connected to the anterior division of 
the upper trunk (ADUT), while one graft from 
the posterior part of each root (with neurons 
responsible for shoulder and elbow extension) is 
connected to the posterior division of the upper 
trunk (PDUT) (Fig. 13.4). When only C5 is avail-
able, two strands of a sural graft are interposed to 
the ADUT. This strategy provides better results 
than isolated nerve transfers, with a mean 
increase of 20° of shoulder abduction and elbow 
flexion strength [7, 21].

The benefits of combining nerve grafting and 
nerve transfer might be explained by the improve-
ment in joint stability that results from the rein-
nervation of accessory agonist and antagonist 
muscles, which stabilizes joints [22]. Thus, 
shoulder outcome improvement is ascribed to 
reinnervation of accessory agonist and antagonist 
muscles that stabilize the shoulder joint: in par-
ticular, the clavicular portion of the pectoralis 
muscle and the coracobrachialis muscle, both of 
which actively participate in abduction beyond 
the horizontal position. When the C6 root is also 
available, grafting the PDUT provides reinnerva-
tion of the subscapular muscle, which contributes 

Anterior = Flexion
Posterior = Extension

root cross section

C6

SG

ADUP

ADUP

PDUT

C5

C6

C5

Fig. 13.4 Schematic representation of the surgical strat-
egy for root grafting in upper-type paralysis of the bra-
chial plexus. (SG) Sural nerve grafts, (ADUP) anterior 

division of the upper trunk, and (PDUT) posterior division 
of the upper trunk
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to shoulder stabilization. Elbow flexion improve-
ment owes to grafting the ADUT, which results in 
reinnervation of the brachialis, brachioradialis, 
and clavicular portion of the pectoralis muscle. 
Of these, the former two contribute directly to 
elbow flexion, and the latter to increased shoulder 
stability. In fact, in our patients, during maximal 
elbow flexion strength measurement, pectoralis 
major contractions are observed promptly.

 C5-T8 BPI (T-1 Hand)

The most common pattern of upper-type BPI is 
the T-1 hand, which accounts for roughly 55% of 
these injuries [7, 8, 22]. When there is traction on 
the brachial plexus, in general C5 and C6 rupture 
because of the line of pull and the buttress pro-
vided by the transverse process. Meanwhile, C7 
and C8 are avulsed because of fragile attach-
ments to the bone. Conversely, T1 is more pro-
tected from injury under the first rib [23].

Nerve grafting is of paramount importance in 
these patients, owing to several functions that 
must be reconstructed (shoulder, elbow flexion, 
elbow extension, wrist extension, and finger 
extension in 50% of patients) relative to the 
scarce available donors [8]. The grafting strategy 
and surgical approach are similar to that of 
C5-C6+/-C7 injuries. However, when only a root 
is available for grafting, the recipient depends on 
pectoralis major function. If the pectoralis major 
is functional, grafts are connected to the PDUT. In 
these injuries, triceps branches are not available 
for nerve transfer, and deltoid functional recov-
ery is dependent on root grafting.

 Complete Paralysis

Complete paralysis accounts for 50% of all bra-
chial plexus injuries [24]. In almost 90% of such 
patients, at least one graft-able root is available 
for grafting [24]. Identifying a graft-eligible root 
is important in patients with a pan-plexal BPI, 
due to three main potential benefits: neuropathic 
pain control, elbow flexion reanimation, and lat-

eral forearm and hand protective sensory 
restoration.

The classic established reconstructive priori-
ties for BPI are restoring elbow flexion, followed 
by reestablishing at least some degree of shoulder 
control [25]. On the other hand, we think that 
pain control should be the first priority in com-
plete BPI, because 84% of patients with complete 
BPI suffer from neuropathic pain [26]. This 
highly disabling condition can be addressed in 
50% of individuals in the days after root grafting, 
resulting in tremendously improved quality of 
life [26, 27]. We have postulated that pain in BPI 
originates from ruptured rather than avulsed 
roots, challenging classical beliefs which blame 
deafferentation as the origin of pain [27, 28]. In 
patients who have been grafted but pain persists, 
we have attributed pain to the growth of axons, 
because this process is associated with the exten-
sive production of neurotrophic factors that pro-
duce pain [27, 29].

The second priority in complete BPI should be 
restoring elbow flexion. The results attained from 
reconstruction of these injuries when there is no 
graft-eligible root are clearly worse than when a 
root is available for grafting [30]. Currently, for 
complete BPI, we recommend exploring only the 
C5 or C6 roots, if available on CT scan in the set-
ting of positive Tinel’s and protraction tests. The 
C7 root is not explored, even when not avulsed, 
because grafting of C7 to the middle trunk leads 
to very poor results.

Our current reconstructive strategy for com-
plete BPI employs one or two long grafts 
(>10 cm, mean 14 cm) connected to the infracla-
vicular structures (cords) (Fig.  13.5), because 
they provide better outcomes than when con-
nected in the supraclavicular space (trunks or 
divisions) [31]. When either C5 or C6 is available 
for grafting, it is connected to the musculocuta-
neous nerve (MCN) in the infraclavicular region 
(Fig. 13.3). The MCN is also explored in the arm 
region before grafting to rule out a secondary 
lesion, which was identified in 18% of our cases, 
a situation that requires longer grafts (Fig. 13.6). 
When two roots are available, both are connected 
to the lateral cord, while the distal part of the long 

13 Root Grafting in Adult Brachial Plexus Injuries



160

thoracic nerve is connected to the triceps long 
head motor branch. We do not connect C6 to the 
posterior cord, because it results in co- 
contractions between elbow flexors and extensor, 
leading to worse results. Incisions are represented 
in Fig. 13.7.

Using the C5 root to repair the MCN has been 
successful in 91% of our patients, generating at 

least grade M3 strength [31]. This is an enhanced 
success rate relative to our previous reconstruc-
tive strategy, with which we used short grafts to 
connect the C5 root to the anterior division of the 
upper trunk, resulting in antigravity elbow flex-
ion in just 78% of patients [32]. The 22% failure 
rate that we observed with the previous strategy 
of grafting the ADUT could be related not only to 
poor root quality, despite continuity, but to other 
problems distal to the root itself, like disrupted 
nerve coaptation, double lesions involving the 
MCN, or a traumatized biceps. In addition, 
because of the character of longitudinal stretch of 
the BPI, micro-histologic alterations that remain 
undiagnosed on eye observation during trimming 
and repair might cause some failures [32].

We do not use intercostal nerves to restore 
elbow flexion as a first choice, saving them for 
backup surgery in case our initial reconstruction 
fails. The pectoralis major muscle has a high rate 

Short grafts x Long target grafts

C5

Upper Trunk

C5

Clavicle

Musculocutaneous
Nerve

Fig. 13.5 Schematic representation of the surgical strate-
gies for root grafting in complete paralysis of the brachial 
plexus using sural nerve grafts. Results of long grafts, 
around 14 cm in length, to the musculocutaneous nerve 
below clavicle are better than C5 root grafting to the ante-
rior division of the upper trunk

Fig. 13.6 Intraoperative view of a double lesion of the 
musculocutaneous nerve (arrow) at the level of the cora-
coid process

Fig. 13.7 Schematic representation of the surgical inci-
sions for repairing a complete paralysis of the brachial 
plexus. Via incision A we explore C5 and C6 roots. Via 
incision B we connect the spinal accessory nerve to the 
suprascapular nerve. Via incision C, if needed, we extend 
“B” approach by detaching the trapezius from the clavicle 
to find a healthy distal stump of the suprascapular nerve. 
We then check the musculocutaneous nerve for double 
lesion by incision E. Finally, we approach the musculocu-
taneous nerve using incision “D.” This is a transpectoral 
approach, which is faster than the deltopectoral approach 
and preserves the cephalic and thoracoacromial vessels in 
case a free gracilis muscle is needed in the future. After 
locating the musculocutaneous nerve through “E,” it is 
tracked proximally as possible within the lateral cord to 
decrease the length of sural grafts
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of spontaneous recovery, even when complete 
paralysis is demonstrated by CT scan; hence, it is 
not currently a target of our repair. Finally, we do 
not use grafts to reconstruct hand function. 
Excepting when two roots are available for graft-
ing and are connected to the lateral cord. Neither 
do we use grafting in the supraclavicular region 
(short grafts) or very long grafts to the motor part 
of the median nerve at the elbow as this yields 
unpredictable results [31, 32]. Only 30% of 
supraclavicular grafting attain BMRC M3 level 
function for either wrist or finger flexion or exten-
sion [32]. In addition, spontaneous recovery of 
hand function occurs in roughly 10–15% of 
patients with complete paralysis, as a result of a 
post fixed brachial plexus [32]. We have aban-
doned the use of long vascularized ulnar nerve 
grafts because results can be worse than with 
sural grafts [33].

We have given up the use of contralateral 
roots, because of the procedure’s risk and lack of 
convincing results [34]. Even when we have 
grafted the entire C7 root via a spinal cord 
approach, we attained no recovery of hand func-
tion. Patients who only experience M3 level fin-
ger flexion recovery, despite scientific enthusiasm 
for this, are largely dissatisfied, not only because 
of difficulties opening their hand and weakness 
but also because of poor control independent of 
the donor arm. The risk of the procedure, the 
potential for donor defects after nerve harvesting, 
and disappointing outcomes have made us aban-
don contralateral roots as donors. Using this 
same rationale  — disappointing outcomes fol-
lowing sacrifice of a vital organ — we are biased 
against employing phrenic nerve transfers for 
elbow flexion [35].

Another benefit of root grafting in complete 
BPI is providing sensation to the limb. Grafting 
of the C5 root to the musculocutaneous nerve 
restores protective sensation over the lateral 
elbow, forearm, and hand [36]. All these patients 
recover thermo-algesic sensation in a variable 
territory that varies from just over the thenar 
eminence to the entire lateral forearm and hand, 
with 70% of patients capable of perceiving 2–0 
monofilament pressure over the thenar emi-
nence, palm, and dorsoradial aspect of the hand. 

This protective sensation is important in these 
anesthetic limbs to avoid inadvertent skin inju-
ries. We do not recommend transferring other 
nerves, like the cervical plexus or intercostal 
nerves, to achieve sensory recovery, because the 
results are poor [32].

References

 1. Narakas AO. The surgical treatment of traumatic bra-
chial plexus lesions. Int Surg. 2019;65(6):521–7.

 2. Hentz VR, Narakas A.  The results of microneuro-
surgical reconstruction in complete brachial plexus 
palsy. Assessing outcome and predicting results. 
Orthop Clin North Am. 1988;19(1):107–14.

 3. Bertelli JA, Ghizoni MF. Use of clinical signs and com-
puted tomography myelography findings in detecting 
and excluding nerve root avulsion in complete bra-
chial plexus palsy. J Neurosurg. 2006;105(6):835–42.

 4. Oberlin C, Béal D, Leechavengvongs S, Salon A, 
Dauge MC, Sarcy JJ. Nerve transfer to biceps muscle 
using a part of ulnar nerve for C5-C6 avulsion of the 
brachial plexus: anatomical study and report of four 
cases. J Hand Surg Am. 1994;19(2):232–7.

 5. Ayhan E, Soldado F, Fontecha CG, Bertelli JA, 
Leblebicioglu G.  Elbow flexion reconstruction with 
nerve transfer or grafting in patients with brachial 
plexus injuries: a systematic review and comparison 
study. Microsurgery. 2019:40(7).

 6. Soldado F, Ayhan E, Bertelli JA, Leblebicioglu 
G.  Comparison of outcomes following nerve trans-
fers versus nerve grafting. 491 A systematic review 
of individual participant data for restoration of elbow 
flexion after adult brachial plexus injuries. In: Giddins 
G, Leblebicioğlu G, editors. Evidence based data in 
hand surgery and therapy: Iris Publications; 2017.

 7. Bertelli JA, Ghizoni MF.  Nerve root grafting and 
distal nerve transfers for C5-C6 brachial plexus 
injuries. J Hand Surg Am. 2010 [cited 2019 Dec 
8];35(5):769–75.

 8. Bertelli JA, Ghizoni MF.  C5–8 brachial plexus 
root injury: the “T-1 hand.”. J Neurosurg. 
2012;116(2):409–13.

 9. Brunelli GA, Brunelli GR.  Preoperative assessment 
of the adult plexus patient. Microsurgery. 1995 [cited 
2019 Dec 8];16(1):17–21.

 10. Tinel J. Le signe du « fourmillement » dans les lesions 
des nerfs peripheriques. Presse Med. 1915;23:388–9.

 11. Echalier C, Teboul F, Dubois E, Chevrier B, 
Soumagne T, Goubier J-N.  The value of preopera-
tive examination and MRI for the diagnosis of graft-
able roots in total brachial plexus palsy. Hand Surg 
Rehabil [Internet]. 2019;38(4):246–50.

 12. Walker AT, Chaloupka JC, de Lotbiniere AC, Wolfe 
SW, Goldman R, Kier EL. Detection of nerve rootlet 
avulsion on CT myelography in patients with birth 

13 Root Grafting in Adult Brachial Plexus Injuries



162

palsy and brachial plexus injury after trauma. AJR Am 
J Roentgenol. 1996;167(5):1283–7.

 13. Yamazaki H, Doi K, Hattori Y, Sakamoto 
S. Computerized tomography myelography with cor-
onal and oblique coronal view for diagnosis of nerve 
root avulsion in brachial plexus injury. J Brachial Plex 
Peripher Nerve Inj. 2007;2(01):16.

 14. Romesburg J, Ragozzino M.  Aseptic meningoen-
cephalitis after iohexol CT myelography. AJNR Am 
J Neuroradiol [Internet]. 2009;30(5):1074–5.

 15. Wade RG, Itte V, Rankine JJ, Ridgway JP, Bourke 
G.  The diagnostic accuracy of 1.5T magnetic reso-
nance imaging for detecting root avulsions in trau-
matic adult brachial plexus injuries. J Hand Surg Eur 
Vol. 2018;43(3):250–8.

 16. Carvalho GA, Nikkhah G, Matthies C, Penkert G, 
Samii M. Diagnosis of root avulsions in traumatic bra-
chial plexus injuries: value of computerized tomogra-
phy myelography and magnetic resonance imaging. J 
Neurosurg. 1997;86(1):69–76.

 17. Gasparotti R, Ferraresi S, Pinelli L, Crispino M, 
Pavia M, Bonetti M, et  al. Three-dimensional 
MR myelography of traumatic injuries of the 
brachial plexus. AJNR Am J Neuroradiol. 
1997;18(9):1733–42.

 18. Oberle JW, Antoniadis G, Rath SA, Richter H-P. Value 
of nerve action potentials in the surgical manage-
ment of traumatic nerve lesions. Neurosurgery. 
1997;41(6):1337–43.

 19. Murji A, Redett R, Hawkins C, Clarke H. The role of 
intraoperative frozen section histology in obstetrical 
brachial plexus reconstruction. J Reconstr Microsurg. 
2008;24(3):203–9.

 20. Malessy MJ, van Duinen SG, Feirabend HK, Thomeer 
RT. Correlation between histopathological findings in 
C-5 and C-6 nerve stumps and motor recovery follow-
ing nerve grafting for repair of brachial plexus injury. 
J Neurosurg. 1999;91(4):636–44.

 21. Bertelli JA, Ghizoni MF.  Reconstruction of C5 and 
C6 brachial plexus avulsion injury by multiple nerve 
transfers: spinal accessory to suprascapular, ulnar 
fascicles to biceps branch, and triceps long or lat-
eral head branch to axillary nerve. J Hand Surg Am. 
2004;29(1):131–9.

 22. Gribble PL, Ostry DJ.  Independent coactivation 
of shoulder and elbow muscles. Exp Brain Res. 
1998;123(3):355–60.

 23. Metaizeau JP, Gayet C, Plenat F. [Brachial plexus 
birth injuries. An experimental study (author’s 
transl)]. Chir Pediatr. 1979;20(3):159–63.

 24. Bertelli JA, Ghizoni MF, Soldado F.  Patterns of 
Brachial Plexus Stretch Palsy in a Prospective Series 
of 565 Surgically Treated Patients. J Hand Surg Am. 
2017;42:443–6.

 25. Alnot JY, Daunois O, Oberlin C, Bleton R. [Total 
paralysis of the brachial plexus caused by supra- 
clavicular lesions]. Rev Chir Orthop Reparatrice 
Appar Mot. 1992;78(8):495–504.

 26. Bertelli JA, Ghizoni MF, Loure Iro Chaves DP. Sensory 
disturbances and pain complaints after brachial plexus 
root injury: a prospective study involving 150 adult 
patients. Microsurgery. 2011;31(2):93–7.

 27. Bertelli JA, Ghizoni MF. Pain after avulsion injuries 
and complete palsy of the brachial plexus: the pos-
sible role of nonavulsed roots in pain generation. 
Neurosurgery. 2008;62(5):1104–13.

 28. Parry WCB. Pain in avulsion lesions of the brachial 
plexus. Pain. 1980;9(1):41–53.

 29. Quintão NLM, Santos ARS, Campos MM, Calixto 
JB.  The role of neurotrophic factors in genesis 
and maintenance of mechanical hypernocicep-
tion after brachial plexus avulsion in mice. Pain. 
2008;136(1–2):125–33.

 30. Bertelli J. Results and current approach for Brachial 
Plexus reconstruction. 2016;(2011):1–8.

 31. Bertelli JA, Ghizoni MF. Reconstruction of complete 
palsies of the adult brachial plexus by root grafting 
using long grafts and nerve transfers to target nerves. 
J Hand Surg Am. 2010;35(10):1640–6.

 32. Bertelli JA, Ghizoni MF. Results of grafting the ante-
rior and posterior divisions of the upper trunk in com-
plete palsies of the brachial plexus. J Hand Surg Am. 
2008;33(9):1529–40.

 33. Bertelli JA, Ghizoni MF.  Results of c5 root graft-
ing to the musculocutaneous nerve using pedicled, 
vascularized ulnar nerve grafts. J Hand Surg Am. 
2009;34:1821–6.

 34. Wang S, Li P, Xue Y, Yiu H, Li Y-C, Wang 
H. Contralateral C7 nerve transfer with direct coap-
tation to restore lower trunk function after traumatic 
brachial plexus avulsion. J Bone Joint Surg Am. 
2013;95(9):821–7, S1-2.

 35. Siqueira MG, Martins RS.  Phrenic nerve trans-
fer in the restoration of elbow flexion in brachial 
plexus avulsion injuries: how effective and safe is it? 
Neurosurgery. 2009;65(4 Suppl):A125–31.

 36. Bertelli JA, Ghizoni MF.  Grafting the C5 root to 
the musculocutaneous nerve partially restores hand 
sensation in complete palsies of the brachial plexus. 
Neurosurgery. 2012;71(2):259–62; discussion 262–3.

J. A. Bertelli et al.



163© Springer Nature Switzerland AG 2021 
A. Y. Shin, N. Pulos (eds.), Operative Brachial Plexus Surgery, 
https://doi.org/10.1007/978-3-030-69517-0_14

Nerve Transfers to Shoulder 
and Elbow

Andrew L. O’Brien, Jana Dengler, 
and Amy M. Moore

 Introduction

Nerve transfer surgery makes use of redundant 
and synergistic innervation of spared muscle 
groups to restore motor function, by the transfer 
of intact nerves or fascicles to injured nerves 
closer to the end target, shortening the distance 
(and time) to reinnervation. Following injury, 
nerve axons undergo Wallerian degeneration dis-
tal to the site of injury [1, 2]. Subsequent regen-
eration of nerve axons occurs at a rate of 1 mm 
per day, or 1 inch per month [3]. In the interven-
ing time, the now denervated motor end plate 
and associated muscle are subject to potentially 
irrevocable fibrosis and atrophy if not reinner-
vated by the newly sprouting axon [4]. The time-
frame in which this reinnervation must be 
completed to preserve muscle function is not 
completely elucidated; yet, general consensus 
states this time to be 12–18  months. Proximal 
nerve injuries, such as that seen in brachial 
plexus injuries, often exhibit too great of dis-

tances for nerve and axonal regeneration to over-
come within this timeframe. As such, nerve 
transfers allow for early reinnervation of these 
target muscles through coaptation of more distal 
nerve donors.

As detailed in previous chapters, planning 
and performing nerve transfer surgery requires 
thorough knowledge of anatomy, function, 
internal nerve topography, and electrodiagnostic 
testing. In the setting of brachial plexus injuries, 
there is a hierarchy of importance of recovery. 
For adults, this is in decreasing order of impor-
tance: elbow flexion, external rotation, shoulder 
abduction, elbow extension, and finally, finger 
motion. Several nerve transfer techniques have 
been described to restore shoulder and elbow 
function in the setting of brachial plexus inju-
ries. Here we present indications for nerve 
transfers, perioperative considerations, surgical 
techniques available to restore shoulder and 
elbow function, and outcomes of these 
transfers.

 Indications for Nerve Transfers

Considerations for nerve transfers to restore 
elbow and shoulder function in the setting of bra-
chial plexus injuries include (1) available 
donor(s) and (2) presentation within an appropri-
ate timeframe.
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 Donor Selection

Appropriate donor selection is crucial for success 
of nerve transfer surgery. Donor nerves should 
provide redundant function (such that sacrifice of 
these nerve fascicles does not result in functional 
loss), be adequately free from injury (innervating 
muscles demonstrating at least MRC grade 4), 
provide synergistic function to recipient nerves 
(provides more intuitive motor reeducation), and 
be anatomically located near recipient nerve end 
targets. Electromyography (EMG) can be used to 
evaluate possible donor nerves by assessing 
motor unit recruitment and relative absence of 
positive sharp waves and fibrillations [5].

 Timing

For successful reinnervation from nerve transfers, 
surgery must be performed before irreversible 
damage to motor end plates and fibrosis of recipi-
ent muscle occurs [6]. However, this must be bal-
anced with allowing for native recovery of axons 
following brachial plexus injury in the setting of 
blunt injuries. We advocate for performing nerve 
transfer surgery prior to 9  months after injury. 
Serial exams during the first 12 weeks after injury 
will allow recovery from neuropraxic injuries. 
Electromyography (EMG) can provide evidence 
of recovery before functional improvement is 
seen. Ultimately, in the absence of palpable mus-
cle contraction on physical exam or electrodiag-
nostic indication of reinnervation in the form of 
motor unit action potentials by 12–16 weeks on 
EMG, nerve transfers should be considered. Adult 
patients with presentation greater than 12 months 
from injury are no longer primary nerve transfer 
candidates, and tendon transfers and/or free func-
tional muscle transfers are offered.

 Perioperative Considerations

Several perioperative considerations can facilitate 
successful nerve transfer. To allow donor nerve 
evaluation intraoperatively, long-acting depolariz-
ing paralytics should be avoided during induction 

of anesthesia. Similarly, local anesthetics such as 
lidocaine should not be administered until after all 
necessary electrical stimulation of nerves is com-
plete. We recommend the use of intraoperative 
nerve stimulation to evaluate nerve function. 
Donor nerves should exhibit strong muscular con-
tractions at 0.5 milliamps (mA), whereas recipient 
muscles should be devoid of contraction at 2.0 mA.

All nerve coaptations must be tension-free. 
Donor and recipient nerves should be divided 
such that adjacent joints can move through full 
range of motion without tension on the coapta-
tion [7]. This is done by neurolyzing donor nerves 
as distally as possible and neurolyzing recipient 
nerves as proximally as possible (“donor distal, 
recipient proximal”). Intraneural dissection and 
coaptations are facilitated by use of an operating 
room microscope to ensure appropriate tissue 
handling and prevent inadvertent injury. 
Coaptations are performed with 9–0 nylon epi-
neurial sutures making sure not to overtighten the 
repair and cause fascicular bunching.

Early post-operative care is directed at protect-
ing the coaptation, controlling edema, and man-
aging pain. For nerve transfers to restore elbow 
function, immobilization is used in the initial 
21  days as the blood-brain barrier is restored 
within the nerve by this time indicating healing 
[8]. For nerve transfers to restore shoulder func-
tion, the shoulder is immobilized for up to 4 weeks 
to protect the pectoralis muscle tendon repair (if 
taken down during the nerve transfer surgery) [8]. 
As reinnervation of the recipient muscle occurs at 
the rate of rate of 1  mm per day or 1  inch per 
month, therapy should focus on range of motion, 
muscle strengthening and balancing, and remap-
ping of the motor cortex [8]. Relearning is aided 
by voluntary contraction of the donor nerve distri-
bution to illicit function of the target muscle, 
which is eventually not needed [9].

 Nerve Transfers to Restore Shoulder 
Function

Recovery of shoulder function following brachial 
plexus injury is directed at restoring shoulder sta-
bility, external rotation, and abduction through 
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reinnervation of the suprascapular and axillary 
nerves. The axillary nerve is reported to be the 
most common recipient target; however, dual- 
innervation of the axillary and suprascapular 
nerves has demonstrated superior shoulder func-
tion over single-nerve innervation [10–12]. Dual 
innervation should be attempted when donor 
nerve availability allows.

 Spinal Accessory to Suprascapular 
Nerve Transfer

Indications To restore supraspinatus and infra-
spinatus muscle function: shoulder stabilization, 
initiation of shoulder abduction, and external 
rotation.

Contraindications This nerve transfer is contra-
indicated if the spinal accessory nerve (SAN) has 
been previously damaged or in the setting of a 
total plexus injury where the spinal accessory 
will serve as the donor nerve for an innervated 
free functional muscle tissue transfer.

Surgical Technique Both anterior or posterior 
supraclavicular approaches can be used for this 
nerve transfer.

In the anterior approach, the patient is placed 
in the supine position. A transverse incision is 
made 2 cm above the medial half of the clavicle. 
Dissection is carried down through the platysma 
muscle. The supraclavicular nerves are identified 
and protected. The fat pad is elevated cephalad. 
The external jugular vein and sternocleidomas-
toid muscle are mobilized and retracted medially, 
exposing the omohyoid. The omohyoid is then 
divided and retracted to reveal a fatty plane, 
through which the brachial plexus is exposed. The 
suprascapular nerve (SSN) is identified as the lat-
eral-most branch of the upper trunk after the con-
fluence of the C5 and C6 spinal nerves. If the 
brachial plexus injury involves C5/C6 root avul-
sions, the suprascapular nerve may be displaced 
inferiorly, deep to the clavicle, necessitating an 
infraclavicular approach for identification.

The spinal accessory nerve (SAN) is located 
on the undersurface of the trapezius muscle just 

deep to the fascia. It is identified by following the 
superior border of the trapezius muscle from lat-
eral to medial along the clavicle. Identification of 
the SAN can use of intraoperative nerve stimula-
tion. Once located, the SAN is dissected free 
from the surrounding tissues and followed dis-
tally. The nerve is then transected as distally as 
possible to transpose anteriorly toward the supra-
scapular nerve for coaptation.

In the posterior approach, the patient can be 
positioned prone, lateral, or in the semi-fowler 
(beach chair) position; the authors prefer prone 
positioning. In the prone position, key surface 
landmarks are identified and marked as follows: 
the acromion, the superior-medial border of the 
scapula, and the midline spinous processes 
(Fig. 14.1). The spinal accessory nerve is located 
approximately 40% of the distance from midline 
to the acromion, and the suprascapular nerve is 
found approximately half the distance from the 
acromion to the superior-medial border of the 
scapula [13, 14]. A transverse incision is made 2 
fingerbreadths superior to the scapular spine. 
Dissection is carried though the trapezius by 
splitting the fibers as they run transversely. The 
SAN is found on the deep (i.e., anterior) surface 
of the trapezius with the help of intraoperative 
nerve stimulation.

The SSN is identified by dissecting the trape-
zius muscle laterally. The supraspinatus muscle 

Fig. 14.1 Key surface landmarks for the spinal accessory 
nerve transfer (SAN) to suprascapular nerve (SSC) 
include the acromion laterally, the superior-medial border 
of the scapula, and the midline spinous processes. A trans-
verse incision is made 2 fingerbreadths superior to the 
scapular spine
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and fascia, which is often atrophied, is identi-
fied. The dissection proceeds superior to the 
supraspinatus muscle, which is retracted inferi-
orly, and directed deep toward the suprascapular 
notch. A combination of careful dissection and 
finger palpation is used to identify the anterior 
scapular edge. The suprascapular vessels are 
then visualized, typically overlying the notch 
and lateral to the SSN. The ligament lies either 
directly beneath or medial to the vessels. Using 
finger palpation and the assistance of a peanut, 
the suprascapular ligament is identified running 
in a superior to inferior direction, following the 
edge of the scapula. It is then carefully divided 
revealing the notch. The SSN is found directly 
beneath the ligament; if there is a history of a 
scapula fracture, it can be tethered to the scap-
ula. The nerve is dissected free and followed 
proximally toward the neck where it is tran-
sected. The SAN is then transected distally and 
transposed to the SSN for a tension-free coapta-
tion (Fig. 14.2).

Outcomes Restoration of external rotation and 
abduction can be achieved with this transfer 
(Fig. 14.3). In a 22-patient series by Emamhadi 
et  al. with an average follow-up time of 
21.7 months [15], restoration of external rotation 
to MRC grade 4 was achieved in 63.6% of 
patients, and to MRC grade 3  in 13.6% of 
patients. The remaining 22.7% of patients recov-
ered MRC grade 2 function. In a study by Manske 

et al., patients who underwent SAN to SSN nerve 
transfer following brachial plexus birth injury 
demonstrated improved external rotation com-
pared to those who underwent nerve grafting 

a b

Fig. 14.2 Transfer of the spinal accessory nerve to the suprascapular nerve. (a) The spinal accessory nerve is identified 
and transected distally. (b) transfer of the spinal accessory nerve to the suprascapular nerve is achieved without tension

Fig. 14.3 Outcome demonstrating initiation of abduction 
and external rotation after spinal accessory to suprascapu-
lar nerve transfer
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from C5 and C6 nerve roots to SSN [16]. In this 
study, the nerve transfer group exhibited a mean 
Active Movement Scale (AMS) score of 3.21 
versus 2.7  in the nerve grafting group. 
Furthermore, 24% of nerve transfer patients 
achieved an AMS of >5 compared to only 5% of 
graft patients. Bertelli and Ghizoni published a 
report of 30 patients who underwent SAN to SSN 
transfer [17]. Patients with C5-C6 injuries 
regained 122 degrees of shoulder abduction and 
118 degrees of external rotation on average. In a 
follow-up study of 110 patients with complete 
brachial plexus palsy, mean recovery of shoulder 
abduction was 58.5° [18]. Notably, a subset of 
the patients (n = 17) required more extensive dis-
section and exposure due to the extent of their 
initial injury.

 Triceps to Axillary Nerve Transfer

Indications Axillary nerve dysfunction from 
isolated axillary nerve injury or C5-C6 brachial 
plexus injuries. Must have triceps (C7) function 
intact.

Contraindications Poor triceps muscle func-
tion, as seen in C7 injuries.

Nerve transfers using each of the heads of tri-
ceps nerve branches have been described. We 
advocate for use of the medial branch to triceps; 
it has demonstrated predictable anatomy and ade-
quate length [13, 19–21].

Surgical Technique This nerve transfer can be 
performed from an anterior [22, 23] or posterior 
approach [13, 24]. The authors prefer to perform 
this transfer from a posterior approach with the 
patient in prone positioning, as it is usually com-
bined with the SAN to SSN transfer described 
above.

A 10 cm incision is made extending from the 
lateral border of the scapula, along the posterior 
border of the deltoid and down the lateral border 
of the long head of triceps (Fig.  14.4). When 
approaching the investing fascia between the del-
toid and long head of triceps, it is important to 

look for the cutaneous branch of the axillary 
nerve. Identification of this nerve can serve as a 
guide to the axillary nerve. Dissection is carried 
toward to the quadrilateral space, bordered by 
teres major (inferiorly), teres minor (superiorly), 
long head of the triceps (medially), and humeral 
shaft (laterally). The axillary nerve is identified 
existing the quadrangular space. Lack of muscle 
contraction is confirmed with intraoperative 
stimulation of the nerve.

The radial nerve is then identified between the 
long and lateral head of triceps in its characteristic 
fat pad. Discrete branches to each of the respec-
tive heads of the triceps are identified. The branch 
to the medial head runs anteriorly and distally and 
is tagged with a vessel loop or blue background 
(Fig. 14.5). The donor triceps nerve is transected 
as distally as possible and transposed 180° to 
meet the axillary nerve. The axillary nerve is tran-
sected proximally to ensure inclusion of the 

Fig. 14.4 Triceps to axillary nerve transfer. This image 
demonstrates a previous shoulder incision (dotted line) 
that was incorporated into the posterior arm incision for 
the triceps to axillary nerve transfer. Hanging the elbow 
off the table during the markings can assure a midline pos-
terior approach to the triceps branches
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branch to teres minor, an important contributor to 
external rotation. Coaptation of the triceps branch 
to the anterior and posterior branches of the axil-
lary nerve is performed (Fig. 14.6).

Outcomes Restoration of shoulder abduction 
can be achieved with this transfer. In a case series 
by Desai et al., 27 patients underwent triceps to 
axillary nerve transfer, most commonly from the 
medial head (40%), followed by long head (27%) 
and lateral head (22%) [25]. In 15 patients (56%), 
single nerve transfer was performed, whereas the 
remainder had an additional transfer – other than 
the radial nerve  – to the axillary nerve. At an 
average follow-up times of 22  months, 81% of 
patients recovered MRC grade 3 or above 
 function with a mean shoulder abduction range 
of 110°. There was no significant down grade in 
donor nerve function.

The radial to axillary nerve transfer has also 
been shown to be an important adjunct to the 
SAN to SSN nerve transfer when performed 
concurrently, also known as dual nerve trans-
fers. In a comparative study by Texakalidis 
et al., patients who underwent dual nerve trans-
fers demonstrated a statistically significant 
increase in shoulder abduction (median range 
90°) as compared to single nerve transfer 
(median range 42.5°) [26]. Additionally, 4 of 4 
patients who underwent dual nerve transfer 
regained deltoid function of MRC grade 3, com-
pared to 3 of 10 patients who underwent SAN to 
SSN transfer alone.

Fig. 14.5 The medial triceps branch is identified overly-
ing the radial nerve proper (lying over the blue back-
ground) and the axillary nerve is surrounded by the vessel 
loop

Fig. 14.6 The medial triceps branch is transferred to the 
axillary nerve without tension
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 Medial Pectoral to Axillary Nerve 
Transfer

Indications Weak or absent triceps function 
(C5-C7 brachial plexus injuries). The medial 
pectoral nerve arises from the lower trunk (C8- 
T1) near the coracoid process and enter the pec-
toralis major on its deep aspect.

Contraindications Weak or absent pectoralis 
major function; or nerve to triceps available as a 
donor.

Surgical Technique An infraclavicular approach 
is used for this nerve transfer. An incision is made 
along the anterior deltopectoral groove extending 
onto the medial arm. Dissection is carried down 
to the deep fascia; the cephalic vein is identified 
and retracted superiorly with the deltoid muscle. 
At its insertion onto the humerus, the pectoralis 
major muscle is dissected circumferentially and 
disinserted, leaving a 1 cm cuff of tendon on the 
humerus for later repair. A Krackow locking 
stitch at the proximal end of the pectoralis major 
tendon is used to retract the muscle. The medial 
pectoral nerves are seen emerging from the 
underside of the pectoralis minor muscle. 
Function of nerve branches is confirmed with 
intra-operative stimulation. Three to four distal 
nerve branches are selected for nerve transfer; the 
more proximal branches can be left intact to pre-
serve innervation to pectoralis major. The fasci-
cles for transfer are followed distally to where 
they enter the muscle, and transected.

To expose the axillary nerve, the coracoid pro-
cess and the subscapularis muscle are identified. 
As this muscle extends inferiolaterally toward the 
humeral head, the axillary nerve can be palpated 
as it runs toward the quadrilateral space. The 
axillary artery is dissected and mobilized to 
reveal the posterior circumflex humeral artery. 
Posterolateral to the posterior circumflex humeral 
artery lie the axillary and radial nerves. The axil-
lary nerve is followed proximally to its division 
from the posterior cord. Direct coaptation 
between the medial pectoral nerve branches and 
the axillary nerve is possible (Fig.  14.7); how-

ever, in some instances short nerve grafts are 
required to maintain a tension-free coaptation 
[10, 27].

Outcomes In a series of eight patients with 
upper brachial plexus injuries, Ray et  al. 
reported six patients recovered “deltoid func-
tion” ≥ MRC grade 4, and two patients did not 
[27]. In another series of 13 patients, 83.3% of 
patient recovered shoulder abduction, and 
58.3% recovered external rotation to a level of 
MRC grade 3 or higher [28].

 Nerve Transfers to Restore Elbow 
Flexion

Restoration of elbow flexion is prioritized in bra-
chial plexus injuries [29]. The musculocutaneous 
nerve provides motor innervation to the biceps 
brachii and brachialis (in addition to the coraco-
brachialis) and is ultimately responsible for 
elbow flexion.

Numerous donors have been described for 
restoring elbow flexion, including nerve fascicle 
to flexor carpi ulnaris (FCU) (Oberlin) [30], FCU 

Fig. 14.7 Medial pectoral nerve transfer to the axillary 
nerve from an anterior approach
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and flexor digitorum superficialis (FDS) (double 
fascicular transfer) [31, 32], median pectoral 
[33], thoracodorsal [34–36], spinal accessory 
[37], and intercostal nerves [38]  – all of which 
are described below. Careful history, physical 
exam, and pre-operative electrodiagnostic studies 
guide the surgeon’s choice of donor(s).

 Single and Double Fascicular Nerve 
Transfers

Indications Fascicular transfers from the 
median and ulnar nerve are indicated when there 
is lack of elbow flexion, but intact hand and wrist 
function.

Contraindications Weak wrist flexion (indicates 
lack of redundancy and/or inadequate donor); 
weakness or absence of FDS.

Surgical Technique With the patient in the 
supine position and their affected arm stretched 
out on a hand table, an incision is made along the 
medial arm from the axilla to 3–4 cm proximal to 
the antecubital fossa (Fig. 14.8). The subcutane-
ous tissue is dissected with care to preserve 
branches of the medial antebrachial cutaneous 
(MABC) nerve. The median nerve is the first 
nerve to be encountered lateral to the basilic vein. 
Dissection of the median nerve is performed 
along the length of the incision. The ulnar nerve 

is found medial to the basilic vein and is also dis-
sected along the length of the incision.

The musculocutaneous (MC) nerve arises 
from the lateral cord, travels under the coracobra-
chialis, and is found on the medial surface of the 
biceps brachii muscle traveling over the brachia-
lis muscle. Identifying the plane between the 
coracobrachialis and the biceps is helpful when 
identifying the nerve more proximally. At the 
junction of the mid-humerus, there is a group of 
vessels that enter the biceps muscle. It is at this 
point, that the nerve to the biceps can be found 
entering the muscle. There is often more than one 
nerve branch supplying the biceps muscle; inclu-
sion of all branches in the nerve transfer is impor-
tant. After giving off branches to biceps, the MC 
nerve then continues on to give off branches to 
brachialis in the mid- to distal-third of the arm 
and terminates as the lateral antebrachial cutane-
ous (LABC) nerve. The brachialis branch(es) 
dives deep into the brachialis muscle, whereas 
the LABC continues distally superficial to the 
muscle. Gentle traction on the LABC translates 
to the skin over its sensory distribution and can 
be seen as gentle tugging on the skin. It should be 
noted that the branch to the biceps innervates the 
muscle on its deep aspect, while the branch to 
brachialis innervates the muscle on its superficial 
aspect. Intraoperative stimulation confirms lack 
of muscle function. The branches to the biceps 
and brachialis are neurolyzed proximally to 
obtain length for transposition to the donor 
nerve(s).

Intra-fascicular dissection of the median and 
ulnar nerves is performed adjacent to where the 
brachialis and biceps branches reach to provide 
tension-free closure(s). Intraoperative nerve 
stimulation is used to identify donor fascicles in 
the ulnar and median nerves and ensure redun-
dancy of function in what is left behind. 
Importantly, the median nerve topography is such 
that the sensory component fascicles are noted to 
be lateral, whereas the motor fascicles are medial. 
The redundant median nerve fascicles (FDS) typ-
ically lie medially in the nerve and lie between 
the fascicles to pronator teres and to the anterior 
interosseous nerve, both of which are not expend-
able. The FCU fascicles of the ulnar nerve typi-

Fig. 14.8 Incision for performing a single or double fas-
cicular nerve transfer to restore elbow flexion
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cally lie in the posterolateral aspect of the ulnar 
nerve. The FDS and FCU donor fascicles are 
transected distally and coaptation is performed 
(Fig. 14.9).

Outcomes Single and fascicular nerve transfers 
can reliably restore strong elbow flexion 
(Fig. 14.10). Oberlin first described the ulnar fas-
cicle to biceps nerve transfer in four patients [30]. 
He reported restoration of elbow flexion in all 
patients of MRC grade 3 or greater, without any 
impairment of hand function. He later published 
a cohort of 32 patients, where 75% regained 
MRC grade 3 or above elbow flexion [39]. In 
Mackinnon’s initial 2005 series of six patients 

that underwent the double fascicular nerve trans-
fer, mean elbow flexion strength of MRC grade 4 
was noted at an average follow-up of 21 months 
[32]. Subsequently, Ray and Mackinnon reported 
a larger series of 29 patients, in which 23 regained 
MRC grade 4 or higher elbow flexion and four 
patients regained MRC grade 3 [40]. Liverneaux 
and Oberlin published a cohort of 15 patients in 
2007 in which all 10 patients who had minimum 
6 months follow-up demonstrated MRC grade 4 
elbow flexion [31].

The superiority of the double fascicular 
transfer over the single fascicular transfer 
remains debated. A retrospective review per-
formed by Carlsen et al. compared 23 patients 
who underwent single fascicular transfer to 32 
patients that underwent double fascicular trans-
fer, and they found that both groups demon-
strated MRC grade 4 or greater elbow flexion 
without a statistically significant difference 
[41]. Of note, those who underwent single-fas-
cicle transfers in this series were noted to have 
more severe injuries, precluding the availability 
of additional donors [41]. A prospective trial by 
Martins et al. was unable to identify significant 
differences in functional outcome between the 
single fascicular and double fascicular nerve 
transfers in 40 randomized patients [42]. A 
meta-analysis and subsequent quantitative anal-
ysis of 29 studies and 341 patients by Sneiders 
et al. concluded that there were no differences in 
elbow flexion strength between single fascicular 
and double fascicular nerve transfers, with most 
patients regaining MRC grade 3 elbow flexion 
[43]. However, a greater proportion of double 
fascicular nerve transfer patients demonstrated 
MRC grade 4 or greater elbow flexion strength 
if performed 6  months or less from the initial 
injury which was a statistically significant 
improvement over single fascicular transfers 
[43]. A meta-analysis of 176 cases by Donnelly 
et al. found double fascicular transfers superior 
to single fascicular transfers, with 83% of 
patients with double fascicular transfer regain-
ing elbow flexion of MRC 4 or greater com-
pared to only 63% of patients with single ulnar 
nerve fascicular nerve transfer [44].

Fig. 14.9 Double fascicular transfer of the ulnar fascicle 
to the biceps branch and the median fascicle to the bra-
chialis branch of the musculocutaneous nerve

Fig. 14.10 Restoration of strong and full elbow flexion 
after double fascicular transfer
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 Thoracodorsal to Musculocutaneous 
Nerve Transfer

Indications The thoracodorsal nerve is a viable 
donor for the recovery of elbow flexion when no 
other donors are available [34–36, 45–47]. The 
thoracodorsal nerve has been touted for its 
potential length and concentration of motor fas-
cicles [36].

Contraindications Poor thoracodorsal nerve 
function, as evidenced by weakness or absence of 
latissimus dorsi contraction.

Surgical Technique With the patient in the 
supine position, an incision is made in the mid- 
brachium to expose the musculocutaneous nerve 
(described in the previous sections). The dissec-
tion proceeds proximally to identify its takeoff 
from the lateral cord underneath the retracted 
pectoralis major muscle. The pectoralis major 
muscle does not need to be disinserted from the 
humerus to access the proximal MC nerve take-
off. However, if there is difficulty visualizing or 
dissecting the MC nerve due to scar or a high 
takeoff, there should be no hesitancy to release 
the pectoralis major muscle from its insertion on 
the humerus with plans to reinsert at the end of 
the case.

Once the MC nerve is carefully dissected, 
another incision is made on the chest in the 
midaxillary line just anterior to the palpable latis-
simus muscle. The authors often mark this with 
the patient awake in the preoperative holding 
area. Dissection through the subcutaneous tissue 
is performed down to the anterior surface to the 
latissimus muscle. The nerve lies on the anterior 
surface of the latissimus with the vascular pedi-
cle. There are two branches of the thoracodorsal 
nerve which can be neurolyzed distally into the 
muscle. Intraoperative stimulation confirms 
strong contraction of the muscle. Both branches 
are transected distally, neurolyzed proximally, 
and brought into the axilla through a subcutane-
ous tunnel. The coaptation to the MC nerve is 
performed end-to-end without tension. The 
shoulder is placed through full range of motion to 
confirm lack of tension.

Outcomes An early report of the thoracodorsal 
to musculocutaneous nerve transfer by Novak 
et  al. evaluated restoration of elbow flexion 
among ten patients with brachial plexus injuries 
secondary to trauma and oncologic interruption 
[34]. Nine of these patients regained MRC grade 
4 or above elbow flexion. Samardzic similarly 
reported a series of 13 patients that all regained 
MRC grade 3 or above elbow flexion [28].

 Intercostal to Musculocutaneous 
Nerve Transfer

Indications In the setting of a brachial plexus 
injury involving all nerve roots, intercostal (IC) 
nerve transfers are indicated for restoration of 
elbow flexion.

Contraindications While no consensus exists, 
the authors prefer to avoid IC nerve transfers in 
the setting of a phrenic nerve palsy. Additionally, 
while previous rib fractures are not an absolute 
contraindication to nerve transfer, an increased 
likelihood of compromised nerve viability was 
noted in patients with previous rib fractures [48].

Surgical Technique The patient is placed in the 
supine position with the arm extended on an arm 
board. The chest is prepped from the midline to 
the posterior axillary line, and from the shoulder 
to anterior superior iliac spine. A curvilinear inci-
sion is made from the midaxial line to the midcla-
vicular line, following the curvature of the ribs 
anteriorly (Fig. 14.11). Adipocutaneous flaps are 
raised, and the serratus anterior muscle is identi-

Fig. 14.11 Markings for intercostal nerve transfers
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fied. Electrocautery is used to split the serratus 
anterior muscle and periosteum directly over 
each rib exposed (T2-T6). The sub-periosteal 
plane is developed with a periosteal elevator to 
expose the neurovascular bundle at the inferior 
aspect of each rib. The intercostal nerve is identi-
fied carefully and stimulated to confirm muscle 
function. It is then neurolyzed anteriorly and pos-
teriorly from the surrounding muscle and vascu-
lar bundle using bipolar cautery. Dissection of 
the motor nerves extends from the costochondral 
junction to the midaxillary line. Given the small 
size of the intercostal nerves, they are not tran-
sected until all levels are exposed. The authors 
prefer to transfer four ICs to the musculocutane-
ous nerve with an end-to-end coaptation. For lev-
els T5 or T6 it is common to need a short 2–3 cm 
nerve graft to avoid unnecessary tension. Sensory 
intercostal nerves or a branch of the MABC are 
great sources of nerve graft material if needed.

The musculocutaneous nerve dissection to its 
takeoff from the lateral cord proceeds in a similar 
fashion as previously mentioned. The IC nerves 
are transected distally and transposed into the 
axilla for coaptation with the MC nerve 
(Fig. 14.12). Dissection of the axillary fat can be 
performed to decrease the distance between 

nerves. Of note, the authors advocate using the 
intercostobrachial nerves to reinnervate the lat-
eral cord contribution to the median nerve in 
order to restore sensation into the limb. For future 
free functional muscle innervation, the authors 
also bank on sural nerve graft powered by the 
nerves to the rectus abdominis muscles 
(Fig. 14.12). This long graft is coapted distally in 
the arm to the medial antebrachial cutaneous 
nerve for a distal vascular source to the graft.

Outcomes Strong elbow flexion can be achieved 
with intercostal nerve transfers (Fig.  14.13). A 
large cohort study of 112 patients who underwent 
intercostal to musculocutaneous nerve transfer 
demonstrated restoration of elbow flexion 
strength MRC grade 3 or above in 87% of patients 
[49]. A meta-analysis of 27 studies and 965 
patients showed that 72% of patients recovered 
MRC grade 3 or greater elbow flexion without 
the use of an interpositional graft. Forty-seven 
percent of patients who required a nerve graft 
recovered elbow flexion of MRC grade 3 or 
above [50].

To determine the optimal number of intercos-
tal donor nerves, Xiao et al. reviewed a cohort of 
30 patients [38]. Elbow flexion was restored in 
66.7%, 82.4%, and 75% of patients who under-
went transfer with two, three, and four intercostal 
nerves, respectively. A systematic review by 
Leland et  al. found no functional advantage of 

Fig. 14.12 Intraoperative exposure of the intercostal 
nerve transfers to restore elbow flexion. Four levels of 
intercostal nerves were transferred end-to-end to the mus-
culocutaneous nerve. Two intercostobrachial nerves were 
transferred to the lateral cord contribution to the median 
nerve to restore hand sensation. Lastly, two rectus abdom-
inis nerves were transferred to a 25 cm sural nerve graft. 
Distally the coaptation was to the medial antebrachial 
cutaneous nerve to re-establish a vascular supply for the 
long nerve graft. This graft can be used for future innerva-
tion of a free functional muscle to help restore finger 
flexion

Fig. 14.13 One year outcome after intercostal nerve 
transfers to the musculocutaneous nerve to restore elbow 
flexion
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transferring two, three, or four intercostal nerves, 
and thereby recommended the transfer of only 
two intercostal levels [51]. A study by 
Kovachevich et al. found a 2.49 increased odds of 
complication with each additional intercostal 
nerve harvested [48].

 Medial Pectoral to Musculocutaneous 
Nerve Transfer

Indications If hand function is weak or if the 
patient refuses the use of redundant median and 
ulnar nerve fascicles to restore elbow flexion, the 
medial pectoral nerves are an option.

Contraindications Absent or weak medial pec-
toral nerve function; presence of redundant 
median or ulnar nerve fascicles for transfer.

Surgical Technique An incision is made lon-
gitudinally along the medial arm and crosses 
the axilla, avoiding the hair-bearing skin. The 
musculocutaneous nerve is identified in the 
upper arm as described in the previous section 
and neurolyzed proximally from the lateral 
cord. The medial pectoral nerves are identified 
by disinserting the pectoralis major muscle off 
its insertion on the humerus and reflecting it 
medially to expose its underside where the 
medial pectoral nerves can be seen emerging 
from the pectoralis minor. Often, the pectoralis 
minor is released from the coracoid and 
reflected to obtain adequate length on the 
nerves. Several branches are selected, tran-
sected distally, and transposed toward the mus-
culocutaneous nerve for coaptation. Following 
neurorrhaphy, the pectoralis major is repaired, 
and the patient’s shoulder is immobilized for 
4 weeks.

Outcomes Samardzic et  al. report a series of 
nine patients in which 90.5% of patients 
regained MRC grade 3 or above elbow flexion 
[28]. A study by Pondaag and Malessy reports 
return of elbow flexion with MRC >3 in 23 of 25 
patients [52]. Blaauw and Slooff presented simi-
lar results in a cohort of 25 patients with obstet-

rical brachial plexus injuries. In their series, 
88% of patients recovered elbow flexion MRC 
grade 3 or above [53].

 Nerve Transfers to Restore Elbow 
Extension

After the restoration of elbow flexion and shoul-
der function, elbow extension can be regained 
through nerve transfers to nerve branches of tri-
ceps. While previously elbow extension function 
was not restored and left to be gravity dependent, 
recent studies have highlighted the importance of 
concurrent elbow extension and flexion to control 
hand position in space [54]. Similarly, patients 
who exhibit elbow flexion without extension 
report poor elbow and hand control and require 
the use of their contralateral extremity to hold 
their arm in extension [55, 56].

 Ulnar Nerve Fascicle to Long Head 
of Triceps Nerve Transfer

Indications Upper plexus injury with C7 
involved and hand function is intact.

Contraindications Absent or weak wrist flexion 
and intrinsic hand function are indicative of poor 
ulnar nerve function and should act as contraindi-
cations to this nerve transfer.

Surgical Technique The ulnar-to-triceps 
nerve transfer is performed from an anterior 
approach with the patient in the supine position 
and the affected arm on an arm board. Starting 
at the insertion of the pectoralis major, a 10 cm 
incision is made between the anterior and pos-
terior compartments of the arm. Through this 
incision, the ulnar nerve is identified on the 
medial aspect to the brachial artery and found 
deep to the MABC. A longitudinal incision is 
made through the epineurium, and nerve stim-
ulation is used to identify a motor fascicle that 
contributes largely to wrist flexion without 
innervation of intrinsic function to the hand; 
this is then transected distally for transfer.
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At the interval between the ulnar nerve and the 
vascular structures in the upper arm, the branches 
to the triceps can be found. With dissection deep 
to the vessels, the radial nerve is identified. The 
branch to the long head of the triceps runs paral-
lel between the radial and ulnar nerves. This 
branch is transected proximally, and a tension- 
free end-to-end coaptation is performed with the 
transected donor fascicle of the ulnar nerve.

Outcomes The original description of this nerve 
transfer by Flores presents two patients with 
C5-C6 traumatic brachial plexus injury [57]. 
Both patients recovered MRC grade 4 elbow 
extension following the ulnar nerve fascicle to 
long head of triceps nerve transfer. Importantly, 
each patient had additional available donors to 
restore elbow flexion and shoulder function 
(which were prioritized). A study by Goubier 
et al. reports a return of MRC 4 elbow extension 
6–7  months after this nerve transfer in nine of 
ten patients; the remaining patient recovered 
MRC 3 elbow extension. Interestingly, eight 
patients required tendon transfers for subsequent 
wrist and finger palsies [58].

 Thoracodorsal to Triceps Nerve 
Transfer

Indications The thoracodorsal nerve provides 
an excellent donor nerve for elbow extension, 
provided it is not required for restoration of 
elbow flexion.

Contraindications Poor thoracodorsal nerve 
function, as evidenced by weakness or absence of 
latissimus dorsi contraction; or unavailability of 
thoracodorsal nerve due to use in other nerve 
transfers.

Surgical Technique A medial arm incision is 
made to expose the radial nerve and associated 
triceps musculature. The branch to the long head 
of the triceps is identified running between the 
radial and ulnar nerves and can be seen innervat-
ing the long head of the triceps at the proximal 
third of the muscle. The branch is then followed 

proximally to the takeoff of the branch to the 
medial head of the triceps. The nerves to the 
medial and lateral triceps coalesce into a single 
nerve trunk near the border of the latissimus mus-
cle, which is then transected as a single recipient 
nerve.

Through a separate incision on the chest in the 
midaxillary line, the thoracodorsal nerve is iden-
tified as previously described (see section 
“Thoracodorsal to Musculocutaneous Nerve 
Transfer”). The nerve is found lying on the ante-
rior surface with the vascular pedicle. There are 
two branches of the thoracodorsal nerve which 
can be neurolyzed distally into the muscle. 
Intraoperative stimulation confirms strong con-
traction of the muscle. Both branches are tran-
sected distally, neurolyzed proximally, and 
brought into the axilla through a subcutaneous 
tunnel. The donor nerves are coapted to the previ-
ously dissected medial and long heads of the tri-
ceps nerve branches in an end-to-end fashion. 
The shoulder is put through a full range of 
motion.

Outcomes A single report of this transfer was 
initially published by Pet et  al. as one of four 
patients with reinnervation of the triceps using 
different nerve transfers; the patient that under-
went thoracodorsal to triceps nerve transfer ulti-
mately recovered MRC grade 4 elbow extension 
[59]. In a larger series of eight patients by Soldado 
et al., all patients demonstrated return of elbow 
flexion within 12 months, and all but one patient 
recovered MRC 4 elbow extension [35].

 Intercostal to Triceps Nerve Transfer

Indications Intercostal nerve transfers are indi-
cated for restoration of elbow extension in the 
absence of other additional donors.

Contraindications The authors prefer to avoid 
IC nerve transfers in the setting of a phrenic nerve 
palsy.

Surgical Technique As previously described 
(see section “Intercostal to Musculocutaneous 
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Nerve Transfer”), the patient is placed in the 
supine position with the affected arm extended 
on an arm board. A curvilinear incision is made 
from the midaxial line to the midclavicular line, 
following the curvature of the ribs anteriorly. 
Adipocutaneous flaps are raised, and the serratus 
muscle is identified and split over each exposed 
rib. The sub-periosteal plane is developed to 
expose the neurovascular bundle at the inferior 
aspect of each rib. The intercostal nerve is identi-
fied carefully and stimulated to confirm muscle 
function. It is then neurolyzed anteriorly and pos-
teriorly from the surrounding muscle and vascu-
lar bundle using bipolar cautery. Dissection of 
the motor nerves extends from the costochondral 
junction to the midaxillary line. Given the small 
size of the intercostal nerves, they are not tran-
sected until all levels are exposed.

The radial nerve and branch to the long head 
of triceps are again identified through a mid- 
brachial incision. The branch to the long head of 
triceps is dissected to its origin on the radial 
nerve and transected. The IC nerves are then 
coapted to the branch of the triceps.

Outcomes In a study by Goubier and Teboul, 
seven of ten patients who underwent this transfer 
recovered MRC 4 elbow extension. The average 
time for recovery of initial muscle contraction 
was 7 months, and the average time to extension 
against resistance was 15  months [60]. After 
long-term follow-up (average 24 months), nine of 
eleven patients recovered MRC 3 to MRC 4 
elbow extension. Of three patients who regained 
less than MRC 3 function, two patients under-
went transfer more than 6 months following their 
initial injury [61]. In a series of 25 patients with 
root avulsion brachial plexus injury by Gao et al., 
56% of patients regained at least MRC grade 3 
elbow [62].

 Pediatric Implications

Obstetrical brachial plexus injury results from 
excessive traction on the head and/or neck during 
birth [63]. As many as 5400 cases of brachial 
plexus injuries occur annually in the United 

States, and global incidences are estimated to be 
between 0.13 and 5.1 per 1000 live births in 
industrialized countries [64–67]. These injuries 
are commonly organized into three groups with 
distinct distributions and functional deficits  – 
upper plexus, lower plexus, and global injury 
[68]. Upper plexus injuries involve C5 and C6 
nerve roots with occasional involvement of C7. 
This distribution of injuries results in internal 
rotation and adduction of the shoulder, extension 
of the elbow, pronation of the forearm, and flex-
ion of the wrist; a presentation colloquially 
known as “Erb’s Palsy.” Lower never injury, or 
Klumpke palsy, includes C8 and T1 and primar-
ily affects the hand. Global injury typically pres-
ents as flail arm and claw hand as a result of 
injury of all roots from C5 to C8.

Restoration of elbow flexion takes precedence 
to shoulder abduction in upper plexus injuries; 
however, hand reinnervation becomes priority in 
global plexus injuries [68–70]. Numerous donor 
nerves have been described in the pediatric popu-
lation including suprascapular nerve, spinal 
accessory nerve, intercostal nerve, phrenic nerve, 
pectoral nerves, ulnar nerve fascicles, and median 
nerve fascicles [52, 53, 71–73]. Recently, nerve 
transfers for restoration of elbow flexion and 
shoulder abduction have shown to be as success-
ful as direct repair in children with birth-related 
brachial plexus injuries [74].

 Conclusion

Nerve transfers are an important tool for the res-
toration of upper extremity function following 
brachial plexus injury. The success of nerve 
transfers relies on an intimate understanding of 
upper extremity anatomy, a thorough evaluation 
of donors and recipients through history, exam, 
and electrodiagnostic studies, careful operative 
technique, and commitment to cortical re- 
education and postoperative hand therapy. Our 
understanding of nerve physiology and surgical 
outcomes continues to grow. Critical analysis and 
investigation will continue to define the role of 
nerve transfers in upper extremity reconstruction 
of shoulder and elbow function.

A. L. O’Brien et al.
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Free-Functioning Muscle Transfer

Andrés A. Maldonado and Louis H. Poppler

 Introduction

A free-functioning muscle transfer or transplan-
tation (FFMT) is when a muscle is detached to its 
origin with its nerve and vascular pedicle and 
transferred to another location for the purpose of 
restoring function. Use of a FFMT for brachial 
plexus reconstruction was first reported by Ikuta 
and colleagues, who used it to restore elbow flex-
ion in a child seen with a chronic loss of elbow 
flexion [1]. With the improvement of strategy, 
techniques, and technology, especially with the 
advance in microsurgery, the indications of 
FFMT have been expanded.

FFMT has become an attractive option for 
many brachial plexus injuries in late presenta-
tions with absent function, due to delay in 
referral or failed prior nerve surgery. Typically, 
it has been recommended to restore elbow func-
tion, especially when the time from injury to 
surgery is greater than 9–12  months [2–4]. 
Another valuable role has been to restore grasp 

in acute cases [5, 6], or more recently, to restore 
elbow flexion in acute scenarios [7, 8]. Using a 
long muscle with a proximally located neuro-
vascular pedicle, such as the gracilis FFMT, 
makes such reconstructions possible. A gracilis 
transfer, when fixed to the clavicle proximally 
and tunneled to the forearm, can animate the 
wrist or the hand. Because the motor point of 
the muscle is located at the shoulder, a nerve 
transfer to this area will reinnervate the muscle 
within 6 months or less [9].

This chapter will attempt to highlight our cur-
rent FFMT strategies and techniques in acute and 
chronic brachial plexus injuries.

 Prerequisites for Functioning Free 
Muscle Transfer

FFMT is possibly one of the most complex tech-
niques in brachial plexus surgery. Before consid-
ering to perform this kind of reconstruction, the 
following general points should be analyzed [10]:

 Preoperative Planning

 1. Passive range of motion across the joint for 
the planned transfer. If stiffness is present, 
physical therapy should be first considered. 
Some patients with avulsion injury develop a 
stiff and edematous intrinsic-minus posture 
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with a flattened palm and fixed finger meta-
carpophalangeal joint extension. Success in 
these situations will require restoration of 
supple joints or later positioning of metacar-
pophalangeal joints in a flexed posture by 
tenodesis, capsulodesis, or arthrodesis.

 2. Vascular assessment of the affected limb. A 
good artery is mandatory before the FFMT is 
performed. Generally, we use the thoracoacro-
mial artery if the FFMT is transferred for 
elbow flexion reconstruction, and the brachial, 
radial, or ulnar artery for hand reconstruction. 
Vascular injuries are common in adult brachial 
plexus injury, occurring in 10% or more of 
patients [11]. The incidence is higher when the 
first rib is fractured. Avulsion of the subclavian 
or axillary vessels is generally considered a 
contraindication for free muscle transfer 
because patency of the thoracoacromial or tho-
racodorsal vessels is usually needed for FFMT 
to be successful. Concomitant vascular injury 
has been associated with worse functional out-
come following reconstructive surgery of trau-
matic brachial plexus injury [12]. Computed 
tomography angiography (CTA) or digital sub-
traction angiography (DSA) can be useful to 
assess upper extremity vascularity and poten-
tial recipient vessels. Magnetic resonance 
angiography (MRA) can also be used but is 
contraindicated when there is metal artifact in 
the area of the vessels (i.e., prior orthopedic 
fracture fixation or vascular repair/clips).

 3. Donor nerve: There must be an expendable 
motor nerve in the vicinity of the muscle neu-
rovascular pedicle. In most brachial plexus 
injury cases, this will mean an extraplexal 
source (spinal accessory nerve or two to three 
intercostal motor nerves). Other nerves may be 
used as available, including regenerated con-
tralateral C7 nerve transfer or elements of the 
brachial plexus in partial injuries (i.e., a fasci-
cle of the ulnar nerve) [13]. Electromyography 
(EMG) could help to discard any previous 
nerve injury – i.e., EMG in the trapezius mus-
cle if the spinal accessory is going to be used 
as donor nerve. Sometimes, intraoperative 
assessment by nerve stimulation may require a 
change in surgical plans and goals.

 4. Adequate skin coverage, a stable and well- 
vascularized bed for tendon gliding.

 Donor Muscle Selection

The gracilis, latissimus dorsi, adductor longus, 
and rectus femoris muscles have all been used as 
donor muscles for FFMT. The gracilis is maybe 
the most frequently used free-functioning muscle 
[9]. It is a strap muscle rather than a pennate mus-
cle, with excellent fiber length, but it has consid-
erably less cross-sectional area than the biceps 
that it is intended to replace. Thus, data suggest 
that it is poorly matched for strength but well 
matched for needed excursion. Experience has 
demonstrated that both the gracilis and the latis-
simus can provide useful function [14]. The grac-
ilis generates sufficient force to flex the elbow 
against gravity in most cases and has other desir-
able qualities. Most importantly, the proximal 
position of its neurovascular pedicle permits 
rapid reinnervation from either the spinal acces-
sory or intercostal motor nerves, whereas its 
length and shape facilitate its passage into the 
forearm to animate the wrist and hand [9].

 Gracilis Harvest
The harvest of the gracilis muscle is described in 
detail in articles by Shin and colleagues [15] as 
well as in Chap. 11 in this textbook. We refer the 
reader to this detailed article for more technical 
information.

Based on the position of the recipient vessels, 
the contralateral gracilis is preferred for biceps 
and finger extensor reconstruction. Either contra-
lateral or ipsilateral gracilis can be used for finger 
flexor reconstruction. Briefly, the steps for graci-
lis free functional muscle dissection are [16]:

 1. The gracilis muscle can be topographically 
identified by drawing a line between the 
proximal pubic tubercle and the distal graci-
lis muscle tendinous insertion at the pes 
anserine.

 2. The gracilis tendon at the pes anserine can be 
identified via a 3-cm longitudinal incision 
over the pes anserine and a 4-cm longitudi-
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nal incision in the distal medial thigh. At the 
pes anserine, the gracilis tendon can be eas-
ily palpated as the most superior tendinous 
insertion. The inferior tendon at the pes 
anserine is the semitendinosus tendon 
(Fig. 15.1). Dissection is carried between the 
tendons until the medial collateral ligament 
of the knee is visualized. Umbilical tape is 
then placed around the superior, gracilis ten-
don, and the multiple soft tissue attachments 
to the gracilis tendon are divided (Fig. 15.2).

 3. A 4-cm incision is made over the distal 
medial thigh, where the myotendinous por-
tion of the gracilis is identified. The gracilis 
is pulled to confirm the gracilis tendon previ-
ously identified inserting into the proximal 
tibia. All soft tissue attachments to the graci-
lis are divided between these two incisions.

 4. Skin island is placed slightly anterior to the 
muscle. The dimensions may include the 
proximal two-thirds of the medial thigh skin 
with a maximum width of 8 cm to allow for 
primary closure (remember that the location 
of the dominant vascular pedicle into the 
medial muscle belly is around 10  cm from 
the pubic tubercle). A handheld, sterile 
Doppler device can be used to identify and 
mark skin perforators overlying the proximal 
gracilis muscle. An elliptically shaped inci-
sion is drawn slightly anterior to the anterior 
border of the gracilis muscle, centered about 
the identified skin perforators.

 5. The proximal thigh incision is made along 
the anterior border of the skin paddle, and 
dissection is carried toward the adductor lon-
gus (Fig. 15.3).

 6. In the interval between the adductor longus 
and gracilis muscles, the fascia of the adduc-
tor longus is gently retracted to expose the 
obturator nerve and the dominant proximal 
artery and venae comitantes (Fig. 15.4).

 7. The adductor longus is retracted medially 
and superiorly while the vascular perforators 

Fig. 15.1 Incisions performed for gracilis free functional 
muscle dissection. (Reproduced by permission of Mayo 
Foundation for Medical Education and Research. All 
rights reserved)

Fig. 15.2 Umbilical tape is placed around the gracilis 
tendon, and the multiple soft tissue attachments to the 
gracilis tendon are divided. (Reproduced by permission of 
Mayo Foundation for Medical Education and Research. 
All rights reserved)

Fig. 15.3 The proximal thigh incision is made along the 
anterior border of the skin paddle, and dissection is car-
ried toward the adductor longus (black arrow). 
(Reproduced by permission of Mayo Foundation for 
Medical Education and Research. All rights reserved)
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to the adductor longus are carefully dissected 
and ligated, and the main pedicle is dissected 
to the profunda femoral artery and vein.

 8. The obturator nerve is identified entering the 
deep surface of the gracilis obliquely to the 
vascular pedicle and stimulated with a dis-
posable nerve stimulator to verify contrac-
tion. A vessel loop is placed around the 
nerve, and the dissection progresses as far 
proximal as possible.

 9. The posterior skin paddle incision is made, 
and dissection is carried to the level of the 
adductor magnus muscle (Fig. 15.5).

 10. Between the two thigh incisions, blunt finger 
dissection is performed in a subfascial plane. 
The secondary pedicle can often be felt or 
seen and is ligated.

 11. The distal tendon of the gracilis is then 
detached from the pes anserine (Fig.  15.6) 
and passed first into the distal thigh incision 

and then to the proximal thigh incision 
(Fig.  15.7). The gracilis muscle is gently 
delivered out of the proximal incision 
(Fig.  15.8). At this point, the only attach-
ments of the gracilis are to the tendinous ori-
gin at the pubic tubercle and the vascular 
pedicle.

 12. The gracilis muscle is replaced back into 
its native bed, and the proximal attachment 
is addressed. The proximal attachment is 
tendinous laterally and more muscular 

Fig. 15.4 The pedicle is found in the interval between the 
adductor longus and gracilis muscles. (Reproduced by 
permission of Mayo Foundation for Medical Education 
and Research. All rights reserved)

Fig. 15.5 The posterior skin paddle incision is made, and 
dissection is carried to the level of the adductor magnus 
muscle. (Reproduced by permission of Mayo Foundation 
for Medical Education and Research. All rights reserved)

Fig. 15.6 The distal tendon of the gracilis is then 
detached from the pes anserine. (Reproduced by permis-
sion of Mayo Foundation for Medical Education and 
Research. All rights reserved)

Fig. 15.7 The distal tendon of the gracilis is passed first 
into the distal thigh incision and then to the proximal thigh 
incision. (Reproduced by permission of Mayo Foundation 
for Medical Education and Research. All rights reserved)
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medially. The tendon is dissected off the 
adductor longus tendon and adductor mag-
nus muscles, and using an angled electro-
cautery tip (bent by the surgeon), the 
gracilis tendon is detached from the pubic 
rami (Fig. 15.9).

 13. The flap harvest is now complete, and the 
gracilis is perfusing only from its dominant 
pedicle. A papaverine-soaked sponge is 
placed over the vessels until the recipient site 
has been prepared. Once the recipient site is 
ready for the transfer, the pedicle of the grac-
ilis is ligated (Fig. 15.10).

Once freed from the leg, the gracilis FFMT is 
brought immediately to the arm and positioned 
within the recipient site. The ideal goal is to 

have the ischemic time of the muscle less than 
60 minutes when possible, and no greater than 
90 minutes.

 Intraoperative Planning

To be more efficient, at least two teams should 
work simultaneously. Brachial plexus explora-
tion or recipient vessel preparation and flap dis-
section with magnifying loupes are performed at 
the same time. During the FFMT insetting, the 
donor site is closed. Vein anastomoses are carried 
out with a coupler system (Synovis, Birmingham, 
USA), and arterial anastomosis is performed with 
8/0 or 9/0 nylon using the microscope. Intravenous 
heparin (1000 I.U.) is used before flap 
reperfusion.

The gracilis is proximally attached to the clav-
icle and lateral acromion with suture anchors 
such that the vessels of the gracilis are at the 
same level of the donor vessel, which is typically 
the thoracoacromial trunk. The distal tendon is 
passed under the skin tunnel and temporarily 
clamped to prevent retraction. The arterial anas-
tomosis is typically accomplished first, followed 
by venous anastomosis. The superior vein of the 
gracilis pedicle is the largest and is most fre-
quently used. The inferior vein is ligated. Donor 

Fig. 15.8 The gracilis muscle is gently delivered out of 
the proximal incision. (Reproduced by permission of 
Mayo Foundation for Medical Education and Research. 
All rights reserved)

Fig. 15.9 The gracilis tendon is detached from the pubic 
rami. (Reproduced by permission of Mayo Foundation for 
Medical Education and Research. All rights reserved)

Fig. 15.10 The pedicle of the gracilis is ligated, once the 
recipient site is ready for the transfer. (Reproduced by per-
mission of Mayo Foundation for Medical Education and 
Research. All rights reserved)
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motor nerve coaption is performed, followed by 
distal gracilis tendon attachment.

 Postoperative Planning

Patients spend the first 24 hours in our ICU. Blood 
pressure (target MAP 75–80 mmHg), hemoglo-
bin (target 10 g/dL), and other electrolytical dis-
balances are controlled. Hourly flap monitoring 
is performed during the first 48 h. Signal from the 
Cook-Swartz Doppler (Cook Medical, 
Bloomington, Indiana, USA) probe connected to 
the artery, and clinical evaluation of the skin 
island are performed.

Patients must be willing and able to undergo a 
complex and lengthy microsurgical procedure 
and comply with a supervised postoperative reha-
bilitation protocol that minimizes problems asso-
ciated with scar formation and strengthens and 
reeducates the neurotized muscle flap for the 
needed function. Our protocol has two stages. 
The first one is started after 3 weeks, once immo-
bilization is completed. The new muscle origin 
and insertion need to be protected during this ini-
tial period (specially the first 8  weeks). Joint 
mobility and tendon gliding should be main-
tained as much as possible with passive range of 
motion exercises (at least 5  minutes per hour), 
always with attention to protection of the tenor-
rhaphy sites. The second stage is started after 
6 weeks, but with a stronger focus when the first 
signs of reinnervation (clinically or in the EMG 
study) are appreciated. The time of onset of spon-
taneous contraction depends on the site of neu-
rorrhaphy relative to the transferred FFMT, but 
typically begins between 3 and 6 months postop-
eratively. The role of the therapist is critical, 
guiding the patient in muscle contraction, ini-
tially using the previous muscle function of the 
recipient nerve to initiate the new muscle 
contraction.

In the German healthcare system, some 
patients (i.e., work-related injuries) have the 
opportunity to spend 3 weeks in our Department 
to undergo an intensive physical therapy pro-
gram. We believe the time of onset of spontane-
ous contraction is the perfect time to guide, teach, 

and motivate the patient through a more intensive 
rehabilitation program.

 Free-Functioning Muscle Transfer 
in Acute Brachial Plexus Injuries

As described by Doi and associates, the goal after 
a brachial plexus injury with avulsion of four or 
five nerve roots is to obtain voluntary elbow flex-
ion and extension, hand sensation, and grasp and 
release function in patients [3, 5, 17]. One of the 
major advances in brachial plexus surgery has 
been the application of FFMT in the acute setting 
(during the first 9 months). There are two main 
reasons/advantages of using FFMT after an acute 
brachial plexus injury:

 1. Restore prehension. After complete brachial 
plexus avulsion, several surgical approaches 
have been developed to restore prehension 
[18–21]. A powerful grip independent of the 
contralateral limb and the independent use of 
both hands would be the ideal reconstruction. 
Active rather than passive (tenodesis) finger 
flexion is imperative for a powerful grip. 
Release of grasp is another useful function in 
prehension. To achieve voluntary finger exten-
sion independent of elbow position, a second 
free muscle transfer is required. The complex-
ity of this undertaking for the patient, the sur-
geons, and the therapist, as well as the need 
for all aspects of the procedure to function 
properly, makes this procedure among the 
most challenging and, when successful, most 
rewarding of the reconstructive options for a 
patient with a complete brachial plexus injury. 
The double free muscle transfer developed by 
Doi [17, 22] is based on two stages:
• Stage I: during the first operation, the 

exploration of the brachial plexus and 
reconstruction of the proximal ruptured 
motor nerves is performed, if possible. 
Additionally, the contralateral gracilis 
(neurotized by the spinal accessory nerve) 
is used for elbow flexion and finger 
 extension (see Fig.  15.11). The motor 
nerve of the transferred gracilis is passed 
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behind the clavicle and coapted to the dis-
tal branch of the spinal accessory nerve in 
the supraclavicular area. Thoracoacromial 
artery and vein or the cephalic vein are 
used as recipient vessels. The FFMT is 
attached proximally to the acromion with 
non-absorbable sutures and placed on the 
anterolateral aspect of the arm and dorsal 
surface of the forearm. To prevent bow-
stringing, the free muscle is passed deep to 
the brachioradialis muscle. Correct muscle 
tension is critical for good postoperative 
function. Before detaching the muscle, the 
resting length of the muscle is reproduced, 
and silk sutures can be placed on the sur-
face of the muscle at 5-cm intervals, as 
described by Manktelow and colleagues 
[23, 24]. The original muscle length is 
restored by stretching the muscle until the 
distance between the markers is once again 
5 cm. Tension is adjusted with the shoulder 
in 60 degrees of abduction and 15 degrees 
of anterior flexion, the elbow in 150 

degrees of flexion, the wrist in neutral, and 
the fingers in full extension. After adjusting 
the tension, the position of coaptation is 
marked over the tendon of the extensor 
digitorum and the donor muscle tendon. 
The elbow is flexed to 90°, and with the 
wrist in neutral and the fingers fully flexed, 
the tenorrhaphies between the donor mus-
cle tendon and extensor digitorum tendon 
are completed.

• Stage II: during the second operation (2 or 
3 months after the first one), a second grac-
ilis FFMT (neurotized by the fifth and sixth 
intercostal nerves) is used for finger flex-
ion. The thoracodorsal artery and vein are 
used as recipient vessels. The muscle is 
proximally attached to the second and third 
ribs and placed on the medial aspect of the 
upper part of the arm and forearm so that it 
does not act as an elbow flexor. The distal 
attachment of the gracilis tendon is passed 
deep to the flexor pronator origin, to the 
flexor digitorum profundus muscles and 
tendons. The flexor digitorum profundus 
tendons are first interconnected to provide 
a cascade of increasing flexion from the 
index finger to the small finger, and they 
are then joined with the gracilis tendon 
with a Pulvertaft weave; an additional 
flexor carpi radialis tendon graft is often 
required to prolong the gracilis. Muscle 
tension is determined as previously 
described.

Additionally, the third and fourth inter-
costal nerves are used to neurotize the 
motor branch of the triceps brachii muscle 
for elbow extension and the intercostal sen-
sory rami to the lateral cord contribution to 
the median nerve to restore sensibility of 
the hand (see Fig. 15.12). A third operation 
(1.5 years after stage I) is usually necessary 
to stabilize (arthrodesis) the CMC-thumb 
and wrist joints. Tenolysis of both FFMT 
may also be necessary.
Thirty of 36 patients undergoing double 

free muscle procedure reconstruction (with a 
mean follow-up of 40 months) were assessed 
for the long-term outcome of prehension, 
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Fig. 15.11 Schematic representation of the stage I of 
Doi’s double free muscle transfer for reconstruction of 
elbow flexion and prehension after complete brachial 
plexus avulsion. During the first operation, the explora-
tion of the brachial plexus is performed, repaired if pos-
sible, and the gracilis FFMT (neurotized by the spinal 
accessory nerve) is used for elbow flexion and finger or 
wrist extension. (Reproduced by permission of Mayo 
Foundation for Medical Education and Research. All 
rights reserved)
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including motion and stability of the shoul-
der and elbow, voluntary and independent 
motion of the fingers, sensibility, and perfor-
mance of activities of daily living [5, 25]. 
The functional outcome of prehension 
according to the authors’ classification was 
excellent in six patients (which implies resto-
ration of more than 90 degrees of elbow flex-
ion, dynamic stability of the elbow while 
moving the fingers, and more than 60° of 
total active motion of the fingers), good in 11 
patients (same as excellent, except for total 
active motion of 30°–60°), fair in three 
patients (total active motion of less than 30°), 
and poor in ten patients. Satisfactory results 
(excellent and good) were achieved in 17 of 
30 patients (57%).

A modification of the above technique is 
the single-stage FFMT for prehension devel-
oped by the Mayo Clinic group [9, 20]. This 
algorithm combines the reconstruction of the 
elbow flexion and hand prehension in one sur-
gery, using only one gracilis muscle. The indi-
cations for this approach are the same as for a 

double free muscle transfer: avulsion of four 
or five nerve roots. Surgery should be per-
formed no later than 6–8  months after the 
injury. This surgery is routinely performed by 
three senior surgeons simultaneously at the 
above institution. The first team perform the 
brachial plexus exploration. If a viable proxi-
mal stump is available (i.e., postganglionic 
injury), sural nerve grafts are used to target the 
suprascapular and axillary nerves. 
Additionally, the spinal accessory nerve is 
transferred to the triceps branches of the radial 
nerve with an interpositional nerve graft (often 
the superficial radial nerve). The second team 
prepares the recipient vessels (thoracoacro-
mial artery and cephalic vein), two intercostal 
motor nerves (T3 and T4) for the gracilis mus-
cle, and another pair (T5 and T6) for the biceps 
motor branch of the musculocutaneous nerve. 
Additionally, the four intercostal sensory rami 
are dissected for the lateral cord contribution 
to the median nerve to restore sensibility of 
the hand. Finally, the third team dissects the 
contralateral gracilis muscle. The gracilis is 
attached to the acromion and distal clavicle, 
and the distal tendon is woven into the flexor 
digitorum profundus and flexor pollicis lon-
gus to produce finger flexion and thumb pinch. 
An antecubital pulley must be used to avoid 
bowstringing. The intact lacertus fibrosus, 
reinforced if needed by weaving the flexor 
carpi ulnaris across the antecubital fossa to the 
lateral epicondyle and back, is generally used 
for this purpose. To balance the elbow flexion 
and hand prehension motion (the gracilis mus-
cle is crossing two joints), triceps function is 
needed. Based on this, the spinal accessory 
nerve is transferred to the triceps branches as 
previously mentioned. Figure 15.13a, b sum-
marize the whole single-stage concept. 
Arthrodesis of the CMC-thumb and wrist 
joints is performed 1.5  years after the main 
reconstruction, depending on the extent of 
recovery.

Some preliminary data from the Mayo 
Clinic group (in the process of being pub-
lished) found that 20 out of 27 patients pre-
sented active pull-through finger flexion after 
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Fig. 15.12 Schematic representation of the stage II of 
Doi’s double free muscle transfer for reconstruction of 
elbow flexion and prehension after complete brachial 
plexus avulsion. During the second operation, a second 
gracilis FFMT (neurotized by the fifth and sixth intercos-
tal nerves) is used for finger flexion. (Reproduced by per-
mission of Mayo Foundation for Medical Education and 
Research. All rights reserved)
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the single-stage FFMT technique for prehen-
sion previously described. However, only 6 
(25%) patients considered their hand function 
as useful for daily activities. The DASH score 
pre- vs. post-reconstruction was 43.8 and 
30.8, respectively. The mean follow-up of 
these 27 patients was 38 (range 24–132) 
months. Regarding the secondary procedures 
of this group of patients, 89% underwent wrist 
fusion, 78% thumb CMC fusion, and 74% 
thumb IP fusion. Further analysis is needed to 
determine how useful is this grade of finger 
flexion in daily activities.

Recently, a different application of the 
FFMT to restore prehension has been 

described. The combination of initial arm 
reconstruction and elective amputation with 
final prosthetics fitting (called “bionic recon-
struction” developed by Aszmann and col-
leagues [26, 27]) has been published in the last 
few years with promising results. In this inno-
vative concept, the FFMT has been performed 
before the elective amputation with the intent 
of restoring function in the actual wrist and 
hand, but in other cases, the FFMT was done a 
priori to create a signal site for future pros-
thetic control. We believe this is another 
potential application of FFMT in acute and 
chronic brachial plexus injuries. Further stud-
ies and more experience by other groups are 

TRICEPS

a
b

SPA

Nerve Graft

GRACILIS

3

4

5

6

S

BICEPS

M

S

MED.POST

LAT.

LC
CM

N

M

S

S

M

M

Fig. 15.13 Schematic representation of the single single- 
stage FFMT for prehension developed by the Mayo Clinic 
group. (a) The gracilis is attached to the acromion and 
distal clavicle, and the distal tendon is woven into the 
flexor digitorum profundus and flexor pollicis longus to 
produce finger flexion and thumb pinch. Note that two 
intercostal nerves (T5 and T6) are transferred to the biceps 
muscle and two (T3 and T4) to the gracilis muscle. (b) 
Overall representation of all the nerve transfer: spinal 

accessory for triceps muscle and intercostal nerves for 
biceps, gracilis muscle, and lateral cord contribution to 
the median nerve. LAT lateral cord, LCCMN lateral cord 
contribution to the median nerve, M,motor, MED medial 
cord, POST posterior cord, S sensory, SPA spinal acces-
sory nerve. (Reproduced by permission of Mayo 
Foundation for Medical Education and Research. All 
rights reserved)
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needed to further establish this reconstruction 
strategy.

 2. Restore elbow flexion. Elbow flexion is widely 
accepted as the most important function to 
restore after a pan-plexus injury [6]. 
Extraplexal nerve transfers have been widely 
used to reconstruct elbow flexion in acute sce-
narios (when the time from injury to surgery is 
less than 9–12 months). Intercostal (ICN) and 
spinal accessory (SAN) nerves are the most 
commonly used donors [2]. Many reports with 
different results have been published using 
ICN transfer for reconstruction of elbow flex-
ion [28–44]. The outcomes have varied from 
0% [44] to 78% [36] of patients recovering 
M4 elbow flexion after ICN transfer. These 
varied results make it difficult to educate 
patients as well as surgeons regarding the 
expected outcomes from this surgery.

A recent study by Maldonado et al. [8] has 
shown that gracilis FFMT reconstruction 
achieves better elbow flexion strength than 
ICN to MCN transfer for elbow flexion after 
pan- plexus injury. In this study, 62 patients 
after traumatic pan-plexus injury underwent 
gracilis FFMT reconstruction (gracilis group) 
or ICN to musculocutaneous nerve (MCN) 
transfer (MCN group) for elbow flexion 
reconstruction following a pan-plexus injury. 
The two groups were compared with respect 
to postoperative elbow flexion strength 
according to the British Medical Research 
Council grading system. In the FFMT group 
67.7% patients achieved M3 or M4 elbow 
flexion. In the ICN to MCN group 41.9% 
patients achieved M3 or M4 elbow flexion. 
The difference was statistically significant 
(p-value <0.05). Based on this study, we 
believe the role of gracilis FFMT should be 
carefully considered in acute reconstruction. 
ICN transfer to the MCN is a technically sim-
pler procedure compared to FFMT. This nerve 
transfer is used to reinnervate the biceps, 
which is a stronger muscle and has some bio-
mechanical advantages for elbow flexion over 
the gracilis muscle [14]. However, the gracilis 
FFMT has the advantages of immediate mus-
cle reinnervation (denervation time of the 

muscle is hours not months) and the possibil-
ity of being performed any time after the 
injury. Additionally, the varied results previ-
ously reported of the ICN to MCN transfer 
may be consequence of the secondary trauma 
at different levels (biceps muscle, neuromus-
cular plaque, biceps branch, etc.), which can-
not be observed/detected during the 
macroscopically surgical exploration. Taking 
an uninjured gracilis muscle with a healthy 
motor nerve and vascular pedicle may 
improve the reliability of the reconstruction. 
Interestingly, a second study [7] was pub-
lished in 65 patients after traumatic pan-plexus 
injury comparing the gracilis FFMT alone 
(gracilis group) vs. the combination of gracilis 
FFMT and ICN to MCN transfer (gracilis + 
MCN group). The use of ICN to MCN transfer 
associated with gracilis FFMT did not improve 
the elbow flexion BMRC grade. This second 
study reinforce the hypothesis of the impor-
tant role of using/adding a FFMT in the recon-
structive plan even in the acute scenario.

 Functioning Free Muscle Transfer 
in Chronic Brachial Plexus Injuries

In the complete or upper type of brachial plexus 
injury, when the time from injury to surgery is 
greater than 9–12  months, a free-functioning 
muscle transfer (FFMT) in conjunction with an 
extraplexal or intraplexal (if available) motor 
nerve transfer to restore elbow function has been 
recommended [2, 4]. The above general princi-
ples are the same for chronic and acute scenarios: 
a free passive range of motion of the elbow joint, 
good skin coverage, available recipient vessels, 
and an uninjured donor nerve are needed for a 
successful FFMT.

Vascular injuries of the subclavian artery, spe-
cially the thoracoacromial trunk, are a relative 
contraindication. Dissection through dense scar 
tissue in proximity to a subclavian artery injury or 
arterial reconstruction is technically challenging. 
Surgical confirmation of adequate vessels to per-
mit microvascular anastomoses to the free- 
functioning muscle is required before muscle 
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harvest, and a vascular surgery team should be 
available in the operating room if needed. We per-
form preoperative a computed tomography angi-
ography (CTA) or digital subtraction angiography 
(DSA) to evaluate potential recipient vessels.

Selection of the donor nerve depends on the 
availability of functioning nerves after the brachial 
plexus injury. After pan-plexus injuries, the spinal 
accessory nerve and the intercostal nerve are good 
potential candidates [20]. When these proximal 
intercostal nerves have already been used, more 
inferior intercostal nerves can be harvested. In 
upper type of brachial plexus injury, the ulnar or 
median nerves are excellent option as a donor 
motor nerve for innervated muscle transfer [45].

The two most commonly used muscles for 
upper extremity reconstruction are the gracilis 
muscle and the latissimus dorsi muscle. The rec-
tus femoris is occasionally selected. For elbow 
flexion reconstruction, the muscle is attached to 
the acromion and distal clavicle, and the distal 
tendon is woven into the biceps tendon 
(Fig. 15.14) or into the flexor digitorum profun-
dus and flexor pollicis longus (wrist arthrodesis is 
necessary, especially if the flexor digitorum pro-
fundus is used for the distal attachment). A recent 
study has shown biomechanically and clinically 
superior elbow flexion strength, if the gracilis 
muscle is distally attached to the flexor digitorum 
profundus compared to the biceps tendon [46]. 
The rest of the technique is previously discussed 
in this chapter.

Results are relatively predictable if an experi-
enced microsurgical team is involved and the 
patient is a good candidate with high motivation. 
More than 90% of patients who have undergone 
FFMT for elbow flexion have recovered more 
than 90 degrees of elbow flexion after transfer of 
the spinal accessory nerve or intercostal nerves 
[5, 47]. Patients older than 40 years did not con-
sistently recover comparable degrees of elbow 
flexion despite successful reinnervation to the 
transferred muscle. The final quantitative assess-
ment of muscle strength showed 10% to 20% of 
the mean values of normal elbow flexion more 
than 2 years after surgery.

 Summary

Free-functioning muscle transfer is a powerful 
tool in upper extremity reconstruction when other 
options are not available. Patient selection, an 
experienced microsurgical team, and a dedicated 
postoperative rehabilitation program are key fac-
tors for success in these complex surgeries. 
Additionally, other reconstruction methods are 
usually required: selected joint arthrodesis, neu-
rolysis, nerve grafting, nerve transfer, tendon 
transfer, etc. A multimodal and multidisciplinary 
reconstruction, including functional free muscle 
transfer, is essential for restoration of lost func-
tion and patient satisfaction.

Fig. 15.14 Schematic representation of the gracilis free- 
functioning muscle transfer for elbow flexion reconstruc-
tion in a late brachial plexus injury. Note the spinal 
accessory nerve is transferred to the gracilis motor branch. 
Alternatively, intercostal nerves can be used. The thora-
coacromial vessels are used as recipient vessels. 
(Reproduced by permission of Mayo Foundation for 
Medical Education and Research. All rights reserved)
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 Tendon Transfers After Brachial 
Plexus Injury: Shoulder and Elbow

Peripheral nerve and brachial plexus injuries are 
life-altering events, given the extensive compro-
mise in shoulder, arm, and hand function. When 
these injuries do not recover, or attempts at nerve 
reconstructions fail to restore various functions 
of the upper extremity, patients are often left 
quite limited in their daily lives. One of the most 
common areas not to recover is the shoulder, 
leading to a very limited overall function of the 
patient’s upper extremity [1]. With variable or 
non-existent recovery of deltoid and rotator cuff 
function, patients are left with limited ability to 
raise their arm or rotate if away from their abdo-
men. Even in those patients that obtain a recovery 
of elbow flexion and some shoulder musculature, 
and thus shoulder stability, their arm is left inter-
nally rotated against their abdomen limiting their 
elbow flexion, without the ability to externally 
rotate to neutral [2, 3].

Nerve grafting and transfers are the preferred 
treatment for brachial plexus and peripheral 
nerve injuries involving the shoulder and elbow 
that do not recover within 6–9 months from the 

injury. However, either when the patient presents 
after 9–12 months, or when the reconstructions 
fail to recover, patients are left with limited 
options, including tendon and muscle transfers or 
shoulder fusions. The range of deficits can range 
across a wide spectrum, from lack of shoulder 
stability and no function, to limitations in certain 
motions. As mentioned above, the most common 
deficits often involve a lack of shoulder abduc-
tion and elevation, as well as shoulder external 
rotation [2, 3]. Thus, patients are unable to posi-
tion their hand in space or reach their mouths 
with their hand.

Although one option to reconstruct the 
patient’s shoulder involves a glenohumeral 
fusion, this should be reserved as a last resort for 
patients with no other options [4]. In the setting 
of a glenohumeral fusion, shoulder motion is 
dependent on scapulothoracic motion [4–6]. In 
patients with brachial plexus injuries, their scapu-
lothoracic articulations are often involved and 
limited, thus, markedly compromising their abil-
ity to regain meaningful motion after glenohu-
meral arthrodesis and leading to a high rate of 
scapulothoracic pain [4, 7].

Shoulder and elbow tendon transfers represent 
viable options for patients in the late stages (>9–
12 months) after brachial plexus and peripheral 
nerve injuries. The viability of these transfers is 
dependent on which muscles are spared by the 
injury, and thus expendable and available as via-
ble donors. The trapezius muscle is innervated by 
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the spinal accessory nerve (cranial nerve XI), and 
thus is a viable option in most adult injury pat-
terns [8–12]. In upper trunk injuries, the latissi-
mus dorsi, teres major, levator scapulae, and 
pectoralis major are often viable options.

When considering a tendon transfer, certain 
principles are critical in order to achieve an opti-
mal outcome:

 1. The recipient and transferred tendon must 
have similar musculo-tendinous excursion.

 2. The recipient and transferred tendon should 
have similar lines of pull.

 3. One tendon (the transferred) should be 
designed to replace one function (of the 
recipient).

 4. The transferred tendon and muscle’s function 
should be expendable without a significant 
donor site morbidity.

 5. Strength of transferred muscle must be at least 
grade 4 or greater.

When considering these principles around the 
shoulder, it is important to keep in mind the dis-
tinct roles of the various musculature when driv-
ing shoulder motion. As described by Goldner, 
Herzberg, and others [9, 13–15], the deltoid 
drives most aspects of shoulder motion, while the 
rotator cuff functions both as a dynamic joint sta-
bilizer and driver of internal/external rotation and 
abduction. These are complemented by the latis-
simus dorsi, teres major, and pectoralis major as 
secondary internal rotators and joint depressors, 
while the scapulohumeral rhythm is coordinated 
by the serratus anterior, trapezius, rhomboids, 
levator scapulae, and pectoralis minor. With 
regard to the rotator cuff, its function as a dynamic 
shoulder stabilizer involves the anterior-posterior 
force couple between the subscapularis and 
infraspinatus- teres minor. A paralysis of infraspi-
natus alone leads to a loss of ~50% abduction and 
~70% external rotation strength, while a paraly-
sis of supraspinatus and infraspinatus combined 
is associated with a loss of ~75% abduction and 
~80% external rotation strength [16]. 
Furthermore, it is important to keep in mind the 
critical role of scapulothoracic motion and coor-
dination of scapulohumeral rhythm that drives 

shoulder function. For example, isolated serratus 
anterior palsy leads to scapular winging and 
marked limitations in shoulder motion. Finally, 
the line of pull, muscle strengths, tensions, and 
excursions are critical to consider when attempt-
ing to reconstruct and rebalance a paralytic 
shoulder, as described by Herzberg et  al. [15] 
(Fig. 16.1).

Keeping these considerations in mind, we will 
review various types of shoulder and elbow func-
tional deficits and the various tendon transfer 
options to reconstruct each one. In addition to the 
principles of tendon transfers, it is important to 
remember that the joint must be passively supple 
and mobile prior to the transfer.

 Upper Trunk: Shoulder Stability

Shoulder stability remains one of the most criti-
cal downstream consequences of brachial plexus 
injuries. In complete or severe upper trunk inju-
ries, the shoulder subluxates inferiorly, markedly 
compromising function, while leading to pain 
and eventual glenohumeral dysplasia. If this sta-
bility is not restored either through nerve recov-
ery or reconstructions, it is one of the first 
priorities when considering various tendon trans-
fers to reconstruct the shoulder girdle. Fortunately, 
many upper trunk injuries have multiple available 
options to stabilize the shoulder.

The initial technique of the upper trapezius 
transfer first described by Hoffa (1891), Lewis 
(1910), and Lange (1911), with fascia lata pro-
longation from the tendon to the greater tuberos-
ity, was associated with adhesions and poor 
outcomes [11, 17]. However, a modification by 
Bateman and later Saha [12] (whose name now is 
denoted with the surgery) in the 1960s to include 
the acromion insertion of the upper trapezius has 
shown promising results at restoring shoulder 
stability [8–11, 17, 18]. This transfer is per-
formed via a mid-lateral incision, detaching the 
trapezius’ lateral insertion on the acromion using 
an oscillating saw. The atrophied deltoid is then 
split, and the acromial insertion of the upper tra-
pezius is transferred to the proximal humerus. 
The bony insertion is anchored to the proximal 
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humerus 2–5 cm distal to the lateral edge of the 
greater tuberosity with the shoulder in >65–75° 
of abduction, fixed with either screws alone or a 
plate and screws. The deltoid is then repaired 
either in placed or advanced proximally in maxi-
mal tension [17] (Fig. 16.2). Most studies show 
>80% reduction of glenohumeral subluxation 

with subtle improvements in joint function [8–
11, 17, 18]. For example, Aziz et al. demonstrated 
a mean 40° in final abduction and elevation, with 
a reduction of shoulder subluxation in all patients 
that underwent the transfer [8]. Another example 
is seen in the series by Ruhmann et  al., where 
patients with upper trunk injuries gained between 
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Fig. 16.1 Graphs representing the potential excursions and relative tensions of the various shoulder musculature. 
(Borrowed from: Herzberg et al. [15]. Copyright Elsevier 1999.)

16 Tendon Transfers of the Shoulder, Elbow, Wrist, and Hand



198

40° and 50° of flexion and abduction, while those 
with a complete injury gained between 20° and 
30° of flexion and abduction [17].

 Upper Trunk: External Rotation 
+/− Abduction

Although it was traditionally thought that shoul-
der abduction is the most critical function [9, 
17–19], many patients with recovery of elbow 
flexion would argue that shoulder external rota-
tion is actually the most critical function [2, 20]. 
In these patients, many of the shoulder’s acces-
sory internal rotators at least partially recover, 
including the latissimus dorsi, teres major, pecto-
ralis major, and subscapularis. Therefore, the 
patient is left with an arm that is internally rotated 
against their abdomen, without the ability to 
position their hand in space and reach their mouth 
or top of their heads.

The traditional transfer to restore shoulder 
external rotation is the latissimus dorsi transfer to 
either the teres minor or infraspinatus insertions 
on the greater tuberosity. This has been reported 
extensively in patients with massive, irreparable 
rotator cuff injuries involving the supraspinatus 
and infraspinatus, with predictable restoration in 

shoulder abduction and external rotation [21–24]. 
However, deltoid or subscapularis insufficiency 
is considered a contraindication to this transfer in 
this patient population due to its role as a humeral 
head depressor [21, 24, 25]. The transfer is per-
formed through either an anterior or posterior 
incision. Anteriorly, the deltopectoral interval is 
utilized to expose and harvest the latissimus ten-
don off its insertion just inferior to the subscapu-
laris tendon. It is then transferred posteriorly 
around the humerus to the teres minor insertion 
[26]. Alternatively, a posterior incision along the 
posterior axillary fold is used to harvest the latis-
simus dorsi incision off its insertion, and then it is 
anchored into place either via an open deltoid 
split or arthroscopic approach onto the greater 
tuberosity [23] (Fig. 16.3). In patients with bra-
chial plexus injuries, it has been demonstrated to 
lead to improvements in clinical external rotation 
and better positioning of the arm in space in the 
pediatric population [20, 27]. However, its use in 
the adult population has not been examined, 
likely because many adult brachial plexus inju-
ries are associated with weak or paralyzed latis-
simus dorsi, deltoid, or subscapularis muscles.

Originally described by Elhassan et al. [28] in 
2009, the transfer of the lower trapezius has been 
used successfully to restore shoulder external 
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trapezius

Deltoid, sutured
on top of trapezius

with maximal
tension
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acromion,

screw fixation

Transferred
acromion,

screw fixationTrapezius

Fig. 16.2 Two variations of the upper trapezius transfer technique as described by Saha in 1967. (Borrowed from: 
Ruhmann et al. [17]. Original Article: Saha [12])
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rotation in patients with brachial plexus injuries 
[2, 28–30]. This is partly due to its “in-phase” 
contraction with the native shoulder external 
rotators and abductors [31], a similar excursion 
when compared to the infraspinatus [15], and 
“in-line” pull the simulates the infraspinatus line 
of pull. These potentially overcome some of the 
limitations of the latissimus dorsi transfer, includ-
ing the humeral head depression and anterior 
translation in the setting of subscapularis insuffi-
ciency, as well as lack of synchronous contrac-
tion [32]. In patients with massive irreparable 
posterosuperior rotator cuff tears, this transfer 
has been shown to have very good results when 
performed via the open technique [33]. Recently 
this has been modified to the arthroscopic- 
assisted technique [23, 34]. This technique is per-
formed by harvesting the lower trapezius off the 
medial scapular spine. The tendon is then either 
directly transferred to the infraspinatus tendon or 
is prolonged with an Achilles tendon allograft 

and anchored to the anterior aspect of the greater 
tuberosity (Fig. 16.4). The exposure of the greater 
tuberosity can either be done via an open deltoid 
split or trans-acromial approach, or via an 
arthroscopic-assisted approach. Finally, the con-
tralateral lower trapezius can be utilized in the 
setting of a non-functional ipsilateral lower tra-
pezius due to a prior spinal accessory nerve trans-
fer [35, 36] (Fig. 16.5).

 Posterior Cord: Axillary Nerve

In the setting of deltoid paralysis, patients are 
often quite limited in their shoulder flexion, 
abduction, and elevation. As the primary driver of 
shoulder motion, these patients lack much of 
their active shoulder motion. It is particularly 
 disabling in the setting of a brachial plexus injury 
when other muscles around the shoulder are not 
optimally functioning. The treatment options for 

Fig. 16.3 Latissimus dorsi transfer. (The figure adapted 
from a technique article by Wagner et al. demonstrates the 
posterior and insertional anatomy of the latissimus dorsi, 

and the transfer interval posteriorly around the proximal 
humerus. Borrowed from: Wagner et al. [23])
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Fig. 16.4 Open lower trapezius transfer. The lower trapezius is harvested from the medial scapular spine, then trans-
ferred to the anterior aspect of the greater tuberosity. (Borrowed from: Elhassan et al. [33])

Fig. 16.5 Contralateral lower trapezius transfer. In the 
setting of a prior spinal accessory nerve transfer, the con-
tralateral lower trapezius can be harvested (prolonged 

with lumbar fascia) and transferred to the greater tuberos-
ity. (Borrowed from: Elhassan et al. [35])
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deltoid paralysis involve nerve transfers [37–39], 
tendon transfers [2, 40, 41], or glenohumeral 
arthrodesis [42–44]. Most of the successful 
reported reconstructions have been in the setting 
of isolated deltoid paralysis, with a functional 
rotator cuff and other shoulder musculature. The 
two main tendon transfer options involve the 
latissimus dorsi or the pectoralis major.

The latissimus dorsi muscle was one of the 
original descriptions to reconstruct the anterior 
and middle deltoid in the setting of deltoid paraly-
sis [45–47]. The bipolar pedicled latissimus dorsi 
transfer involves detaching the latissimus dorsi 
muscular origin and tendon insertion and isolat-
ing the neurovascular pedicle. The muscle is then 
transferred to the anterior aspect of the shoulder, 
deep to the pectoralis major, and rotated 180° and 
inverted before securing to the anterior acromion 
and humeral shaft (Fig. 16.6). This technique has 
been associated with improvements in shoulder 
function if performed in the setting of isolated 
deltoid paralysis [45–47]. For example, Itoh et al. 
demonstrated improvements in active shoulder 
flexion to at least 90° in 60%, with most regaining 
shoulder flexion strength of either M3 or M4.

The pectoralis major tendon transfer for iso-
lated deltoid paralysis was first reported by Hou 
and Tai [40] in 1991 with promising results, 
which were later reinforced in 2009 by Lin et al. 
[41]. This reconstruction is based on the three 
parts of the pectoralis major muscle, the clavicu-
lar (origin on the clavicle), sternocostal (origin 
on the first to sixth sternocostal regions), and 
abdominal (origin on the lower sternocostal and 
rectus abdominis fascia). These converge to 
insert on the greater tuberosity of the humerus, 
supplied by different branches of the thoracoac-
romial artery and innervated by the lateral pecto-
ral nerve (upper part) or the medial pectoral nerve 
(lower part). These separate blood supplies and 
innervation make this pedicled muscle transfer 
feasible. Pedicled transfer of the upper part of the 
pectoralis muscle involves harvesting the clavic-
ular and upper sternal parts on their pedicle, then 
turned over 180° with the deep surface now 
superficial. The muscular origins are then 
attached in a transosseous fashion to the lateral 
clavicle and acromion, while the tendinous por-
tion is anchored to a bony groove at or distal to 
the deltoid tuberosity [48] (Fig. 16.7). This can 
be done alone in the setting of isolated deltoid 
insufficiency, or can be combined with a reverse 
shoulder arthroplasty in the setting of an upper 
trunk brachial plexus injury or glenohumeral 
arthritis [48].

Hou and Tai [40] reported on the outcomes of 
this transfer either alone (4 patients) with 
improvements in abduction to 40° or combined 
with the upper trapezius transfer (3 patients) with 
improvements in abduction to 70°–90° and for-
ward flexion was 60°–150°. Lin et al. [41] dem-
onstrated a mean 74° abduction and 75° forward 
flexion postoperatively. Finally, Elhassan et  al. 
reported on the largest series of patients with del-
toid paralysis (n  =  31) combined with arthritis, 
performing a pedicled pectoralis transfer with a 
reverse shoulder arthroplasty [48]. In this series, 
the mean shoulder flexion of 83° and external 
rotation of 15°, with reasonable postoperative 
SSV and DASH scores. This series demonstrates 
how the pedicled pectoralis functions in a similar 
fashion to the anterior deltoid; this tendon trans-

Pectoralis
muslce

Fig. 16.6 Bipolar pedicled latissimus transfer. The latis-
simus dorsi is transferred to the anterior aspect of the 
shoulder, deep to the pectoralis major, and rotated 180° 
and inverted before securing to the anterior acromion and 
humeral shaft. (Borrowed from: Ferrier et al. [46])
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fer provides similar biomechanical advantages 
when using the reverse prosthesis.

 Long Thoracic Nerve

The serratus anterior represents one of the main 
stabilizers of the scapula and coordinators of 
scapulothoracic motion and subsequent scapulo-
humeral rhythm during shoulder elevation [49–
53]. The scapular external rotation plays a key 
role in shoulder abduction and forward elevation. 

Therefore, serratus anterior paralysis leads to 
destabilization of the scapula and marked limita-
tions of the shoulder function. In addition to lim-
ited motion, many patients experience fatigue, 
subjective instability, and pain, in part from the 
loss of the subacromial space secondary to the 
resultant limitations in scapular external rotation 
and humeral abduction [49–55]. In patients with 
penetrating injury, direct nerve repair or nerve 
transfer performed before the irreversible loss of 
the neuromuscular endplate units can lead to 
good recovery [56–58]. However, if it fails or the 

Fig. 16.7 Pedicled pectoralis transfer. The clavicular and 
upper sternal portion of the pectoralis major muscle is 
harvested and inverted, and its origin is anchored to the 

lateral clavicle and acromion while its insertion is 
anchored to the humeral shaft. (Borrowed from: Elhassan 
et al. [48])
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muscle does not recover, the patients have limited 
options. Traditionally, these patients were treated 
with scapulothoracic fusions or fascial slings. 
Fusions significantly limit patients’ motion and 
are associated with a high rate of nonunion and 
pulmonary complications, while slings stretch 
and loosen with time [49, 59–61]. Therefore, we 
prefer to perform the pectoralis major tendon 
transfer.

Initially described by Tubby in 1904 and mod-
ified in the 1940s and 1950s, the pectoralis major 
transfer involves transfer of the sternal or clavic-
ular heads to the inferior angle of the scapula 
[62–64]. This dynamic stabilization of the scap-
ula restores its motion along the plane of the tho-
rax, improving the patient’s pain and shoulder 
function. Although initially prolonged with a ten-
don allograft, given the mixed results of these 
studies [49–55, 65–69], it is now preferred to per-
form a direct transfer without allograft prolonga-
tion [70]. Many recent studies have shown very 
predictable results with this direct transfer [51, 
52, 54, 70], particularly when including its bony 
insertion [52, 71]. The transfer is performed by 
harvesting the pectoralis major, separating the 
clavicular and sternal heads from each other, and 
then transferring the sternal head to the inferior 
angle of the scapular. The bony insertion of the 
sternal head is anchored into the inferior angle of 
the scapula via multiple transosseous sutures, 
while the clavicular head is fixed back into the 
humerus (Fig. 16.8).

 Spinal Accessory Nerve

Trapezius paralysis from spinal accessory nerve 
injury may result in significant dysfunction of the 
shoulder as a result of the loss of the support of 
the scapula on the chest wall, with drooping and 
loss of scapula external rotation [72–74]. This 
results in shoulder girdle instability from disrup-
tion of the dynamic of the scapulohumeral 
rhythm and resultant shoulder dysfunction [72–
76]. Although most spinal accessory nerve inju-
ries recover, those who do not are left with tendon 
transfers as their main option [72–74, 77–85]. 
Originally described by Eden in 1924, verified by 
Lange in the 1950s and modified by Bigliani 
[72], the Eden-Lange transfer entails transfer of 
the levator scapulae to the spine of the scapula 
and rhomboid minor and major to the mid body 
of the scapula [72–74, 76, 81]. However, this 
transfer was associated with variable outcomes 
[72–75, 81, 83, 86, 87], given it did not replicate 
the line of pull of the trapezius and did not pro-
duce a scapular external rotation force.

A modification of this technique, known as the 
triple tendon transfer or “T3,” moved the levator 
scapulae to the lateral spine of the scapula, the 
rhomboid minor next to it on the scapular spine, 
and then the rhomboid major on the medial scap-
ular spine [88, 89]. Thus, this technique almost 
perfectly recreates the upper and middle trape-
zius anatomy, producing a better scapular exter-
nal rotation force and normal biomechanics of 

Fig. 16.8 Pectoralis major transfer. The sternal head of 
the pectoralis major is transferred to the inferior angle of 
the scapula, while the clavicular head is secured back into 

the humeral insertion. (Borrowed from: Elhassan and 
Wagner [71])
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the scapula [88]. In a clinical series of 22 patients 
at 35 months follow-up, the T3 transfer improved 
patients’ abduction to 118° and forward flexion 
to 150°, with improvements in all clinical out-
come measures [89]. The technique is performed 
via exposing and harvesting the rhomboid major, 
rhomboid minor, and levator scapulae along with 
the bony insertions. The levator scapulae is then 
transferred to the lateral scapular spine, while the 
rhomboid minor next to it and the rhomboid 
major on the medial scapular spine (Fig. 16.9).

 Elbow: Upper Radial Nerve 
and Musculocutaneous Nerve

In the setting of elbow paralysis without a func-
tional recovery, patients are often quite limited in 
many activities of daily living. Although nerve 
transfers and grafts are often quite predictable at 
reconstructing elbow function [90–92], in the set-
ting of chronic nerve injuries or those that fail a 
nerve reconstruction, the use of a free function-
ing muscle transfer of the gracilis has been dem-
onstrated to be quite effective [93–97]. See the 
chapter of free functioning muscle transfers for 
more details on this technique.

If the free functioning muscle transfer fails or 
is not an option, patients are left with very limited 
options. The bipolar latissimus dorsi transfer, 
performed in a similar fashion to the reconstruc-
tion of the anterior deltoid, represents a reason-
able option for patients with preserved latissimus 
dorsi muscle function. Alternatively, a pedicle 
lower trapezius transfer can be used for elbow 
flexion or extension, similar to the contralateral 
lower trapezius transfer for shoulder external 
rotation [35]. Additionally, the triceps muscle can 
be transferred to the biceps in the setting of pre-
served elbow extension but no elbow flexion. 
Finally, many trick motions of the elbow can be 
utilized in patients with brachial plexus injuries, 
including the Steindler flexorplasty where the 
elbow flexor origins are moved proximally to 
facilitate elbow flexion [95, 98–101].

 Tendon Transfers After Brachial 
Plexus Injury: Forearm and Hand

For treatment of brachial plexus palsy, tendon 
transfer in the hand and forearm has not been 
studied in the literature to the extent of transfers 
for treatment of shoulder and elbow pathology. 

Fig. 16.9 Triple transfer. The Eden-Lange transfer (left) is compared to the modified technique, the T3 triple transfer 
(middle), with the normal trapezius as a reference on the right. (Borrowed from: Elhassan and Wagner [89])

E. R. Wagner et al.



205

Tendon transfer following incomplete brachial 
plexus palsy is difficult and poorly described as a 
result of the heterogeneous characteristics of 
these lesions. Furthermore, loss of sensibility and 
proprioception is often more severe than that of 
single distal nerve palsies making reconstruction 
more complicated. Affected extremities often 
present with deficits that span typical distribu-
tions resulting in weakness in those muscle 
groups which may otherwise be suitable for 
transfer. Furthermore, extremities affected by 
brachial plexus palsy in which the hand and fore-
arm are affected often have such profound 
involvement that there is a lack of noncritical but 
functional muscles available for transfer. For 
these reasons, free functional muscle is often 
chosen for reconstruction and discussed further 
in Chap. 15. Despite these challenges, tendon 
transfers in the hand and forearm can offer excel-
lent results for secondary reconstruction when 
donor muscle-tendon units are available. For this 
purpose in particular, tendon transfers should be 
conceptualized as a tool to restore a hand func-
tion rather than replace a nonfunctional muscle.

As a result of the mixed deficits present, clas-
sic discussion of tendon transfers’ myotomal dis-
tributions is not as applicable in the setting of the 
brachial plexus, and these are best viewed as indi-
vidual motor deficits. These transfers must be 
individualized based on injury patterns and avail-
able donors, and the staging and timing of multi-
ple procedures must be thought out such that only 
tendon transfer procedures which can be rehabili-
tated concomitantly are performed together.

 Radial Nerve

 Wrist Extension

 PT to ECRB
The pronator teres to extensor carpi radialis bre-
vis is the most common transfer for restoration of 
wrist extension. It can be utilized in as an internal 
splint and transferred in an end to side if recovery 
expected [102]. End to end transfer is ideal if 
recovery is not expected as has more direct line 
of pull.

 Finger Extension
Finger extension can be restored by tenodesis or 
transferring the FCU, FCR, or an FDS tendon. 
FCU is thought to perform a more critical func-
tion than FCR as it allows for flexion and ulnar 
deviation, a critical component of the dart throw-
er’s motion. If tendon transfer is performed, 
tenorrhaphy should occur proximal to the flexor 
retinaculum to prevent bowstringing [103].

Tenodesis of the finger extensor tendons can 
be performed either to the radius with transosse-
ous sutures or sutured end to side to the FDS ten-
dons through the interosseous membrane [104]. 
The tenodesis should be tensioned such that the 
metacarpophalangeal joints are in slight exten-
sion with the wrist in neutral position.

 Thumb Extension
Many different transfer options are available to 
recreate thumb extension. Palmaris longus and 
ring finger FDS are the two most common trans-
fers. PL as a transfer reroutes the line of pull 
volarly allowing for thumb abduction with exten-
sion [102]. FDS to the ring can be split and trans-
ferred to EIP and EPL producing composite 
thumb and index finger extension.

 Median Nerve

 Wrist Flexion
In incomplete brachial plexus injuries, complete 
loss of wrist flexion is fortunately rare. In injuries 
severe enough to completely impair wrist flexion, 
the chances of functional hand recovery are 
unfortunately small, and any functional donor 
units are likely going to be best utilized for other 
functions, as such wrist fusion is often consid-
ered rather than tendon transfer in these settings.

 Thumb Flexion
Thumb IP flexion deficits often occur, and degree 
of hyperextensibility of the thumb IP joint and 
resting posture often dictate associated degree of 
disability. Thumb IP fusion in slight flexion can 
be considered, as well as tendon transfer. Tendon 
transfer motors can include BR, ECRL, and 
ECU, but unfortunately none of these transfers 
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offer an excursion that adequately recapitulates 
that of the native FPL. Fifteen patients with tet-
raplegia who had undergone BR to FPL transfer 
were described by Waters et  al. [105] 15 of 16 
thumbs demonstrated functional improvement, 
and 80% were able to perform at least 4 more 
ADLs than prior to surgery [105].

The Moberg procedure has been described for 
tetraplegia with only brachioradialis intact 
(Fig. 16.10). In this procedure, BR is transferred 
to ECRB, and the FPL is tenodesed to the ulnar 
aspect of the distal radius [106]. The IP joint of 
the thumb is stabilized to allow all motion to 
occur through the MP joint of the thumb allowing 
wrist extension to recapitulate lateral key pinch 
[107].

 Finger Flexion
Tendon transfers for restoration of finger flexion 
depend on the degree of weakness. If possible, 
independent index finger function would be ideal. 
With incomplete loss of finger flexion, side-to- 
side transfer to tendons with intact FDP function 
can be considered. Alternatively, transfer of BR 
or ECRL to FDP of the index finger may be 
attempted (most commonly utilizing BR for FPL 
and ECRL for FDP to the index).

Bertelli and Ghizoni described transfer of the 
brachialis to finger flexors in six patients typi-
cally utilizing local tendon autograft. The 
improvement in finger flexion was moderate; 
those with complete preoperative absence of fin-

ger flexion obtained finger flexion to 1–2  cm 
from the palm [108]. In a separate study, grade 3 
or better strength was obtained in 11 of 18 
patients and grade 4 or better in 8 of 18 patients. 
In this study only about 56% of patients were sat-
isfied postoperatively demonstrating the limita-
tions inherent in this procedure and the utilizing 
of free functional muscle in many of these 
patients [109].

 Thumb Opposition
Thumb opposition is a complex motion involving 
palmar abduction, pronation, and flexion of the 
thumb metacarpal and proximal phalanx. The 
ideal insertion for restoration of this function is 
the insertion of the abductor pollicis brevis with 
an ideal angle of pull from the trajectory of the 
pisiform to best recapitulate the pull of the abduc-
tor pollicis brevis.

 Ring FDS
Most commonly the ring finger flexor digitorum 
superficialis opponensplasty utilizing the flexor 
carpi ulnaris tendon is utilized, but this transfer 
may not be available in brachial plexus palsy due 
to the concern for weak ring finger FDP function. 
It is typically transferred utilizing the FCU as a 
pulley.

 PL
The palmaris longus has also been utilized for 
transfer to restore opposition, but similar to the 
ring finger FDS it is often not functional in 
lesions of the brachial plexus. It is transferred 
typically through a pulley utilizing the transverse 
carpal ligament as a pulley and requires harvest-
ing a long slip of palmar fascia to gain the length 
necessary for transfer. Due to the line of pull, it 
mainly functions to restore palmar abduction of 
the thumb due to the line of pull [110].

 EIP
The EIP opponensplasty can be utilized in high 
or low ulnar nerve palsy and is a good option in 
treatment of lesions of the brachial plexus as it 
may be available as a donor. The EIP is sectioned 
just prior to its expansion into the extensor hood 
and transferred ulnarly utilizing the ulna as a pul-

FPL

FPL FDS EPL EBP

FDS

Fig. 16.10 Several modifications of the key grip proce-
dure have helped to eliminate sources of prior patient sat-
isfaction. The thumb IP joint is fused, and with a flexible 
MP joint, the EPL and EPB tenodesis is performed just 
proximal to the MP joint. Furthermore, FDS can be teno-
desed to the proximal phalanx to help with thumb flexion 
if needed. (Borrowed from Hentz et al. [107])
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ley. It is then routed across the palm and inserted 
into the APB [111]. Anderson noted good to 
excellent results following this transfer in 87.5% 
of 40 patients managed with this technique [112].

 Huber
The Huber transfer utilizes the abductor digiti 
minimi and is mostly employed in cases of con-
genital absence or when EIP and FDS are not 
available. The ADM is released from its insertion 
and turned 180° to insert on the APB insertion. 
This transfer provides improved bulk improving 
the cosmetic result as compared to other transfers 
but palmar abduction not improved as signifi-
cantly as pronation and flexion with this transfer.

 Ulnar Nerve

 Intrinsic Muscle Function
Bouvier’s test in which the MP joints are pas-
sively flexed and the patient is asked to extend at 
the IP joints allows for determination of the 
requirement for dynamic vs static tendon transfer 
options to correct clawing. Multiple procedures 
have been described for treatment of this pathol-
ogy. Volar metacarpophalangeal joint capsulode-
sis has been described although there is concern 
that results following this procedure will decrease 
with time as the volar plate laxity recurs. Brown 
reported on 44 cases with less than half having 
improvement in clawing and having 5 hands with 
near immediate failure of the ring and small fin-
gers and 18 hands in which hyperextension 
recurred over the first year [113]. Static and 
dynamic tenodesis has been described as have a 
number of tendon transfer procedures. Tendon 
transfers can be powered by flexor digitorum 
superficialis or wrist motors.

Flexor digitorum superficialis transfers can 
include transfer into either only the ring and 
small finger or all four lesser digits. These tendon 
transfers can be inserted into the lateral band 
which may help to restore PIP extension, particu-
larly in those with a suggestive Bouvier’s test, but 
this also may cause PIP hyperextension particu-
larly in lax individuals, due to the loss of the FDS 
and overpull of the lateral band. To combat PIP 

hyperextension, Burkhalter recommended inser-
tion directly into the proximal phalanx [114]. 
Brandsma reported on 76 hands for which FDS 
was utilized for restoration of intrinsic function 
with variable insertions utilized with clawing 
fully corrected in 21% of patients and improve-
ment in 57% [115]. Zancolli described a lasso 
whereby the FDS tendon is passed through the 
A1 pulley and sutured to itself to correct MP flex-
ion which prevents PIP hyperextension [116].

Flexor digitorum superficialis tendon transfers 
unfortunately never improve and often weaken 
grip strength. Only tendon transfers for clawing 
which utilize wrist extensors and intercalary ten-
don graft are able to improve grip strength. 
Tendon transfers utilizing BR, ECRL, and ECRB 
have been described which utilize tendon graft 
split into two or four tails which are subsequently 
passed in the intermetacarpal spaces and may be 
inserted into the proximal phalanx, lateral band, 
or proximal pulley system. By preserving FDS, 
concern for PIP hyperextension is also 
diminished.

 Key Pinch
ECRB and BR are good donors both requiring 
tendon graft to lengthen and are passed between 
the index and long finger metacarpals in the palm 
with second metacarpal used as a pulley and ten-
don inserted onto the adductor pollicis insertion. 
Hastings and Smith separately have described 
improvement of pinch strength up to 200% with 
this procedure [117, 118].

Ring or long finger FDS can also be utilized; 
the flexor digitorum superficialis is divided in the 
digit and passed deep to the flexor tendons and 
inserted on the adductor pollicis insertion, unfor-
tunately not replicating the pull of adductor pol-
licis as well as ECRB or BR [119]. When FDS is 
utilized, it should be divided just proximal to 
Camper’s chiasm between the A1 and A2 pulleys 
to prevent PIP hyperextension; furthermore the 
ring finger FDS should only be utilized in low 
ulnar nerve palsy as in high ulnar nerve palsy 
FDP to the ring finger may be the only functional 
finger flexor to that digit [111, 120].

Occasionally the thumb IP and MP flexors 
will overpower the thumb extensors resulting in 
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a persistent Froment sign. Depending on patient 
demands, either fusion or split FPL transfer can 
be considered. Split FPL transfer involves a 
radial midaxial incision and detachment of the 
radial half of the FPL distally. It is extracted 
from between the oblique and annular pulley 
and passed radially deep to the neurovascular 
bundle and wrapped deep to and around the 
EPL tendon and sutured to itself in such tension 
as to make the tension equal between the two 
slips of FPL (Fig. 16.11). Van Heest described 
12 cases in all of which the Froment sign was 
completely eliminated and IP joint flexion lim-
ited to 15–30° [121].
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 Introduction

Fusion of any joint is often viewed by the ortho-
pedic surgeon as a failure. This is particularly 
true when it applies to an articulation as complex 
and mobile as the shoulder. Glenohumeral 
arthrodesis, also known as shoulder fusion, has 
been recommended as a last resort procedure 
after failure of more accepted treatments such as 
nerve reconstruction, nerve transfers, or tendon 
transfers. Historically, indications for this proce-
dure have included treatment of severe joint 
destruction resulting from infections and tuber-
culosis, neurologic deficits such as poliomyelitis, 
and different degenerative diseases. It has also 
occasionally been recommended for rheumatoid 
arthritis, irreparable injury of the rotator cuff, and 
severely comminuted fractures of the proximal 
aspect of the humerus. The development of 
shoulder arthroplasties has resulted in a signifi-
cant reduction of the indications of glenohumeral 
arthrodesis, which are now mostly recommended 
for sequela of brachial plexus palsies [1], with 
secondary inefficiency of both deltoid and rotator 

cuff muscles. In these situations, a flail shoulder 
represents a considerable disability, often result-
ing in a painful inferior subluxation of the gleno-
humeral joint (Fig. 17.1) with inability to control 
the entire upper extremity and position the hand 
in space.

The best results of glenohumeral fusion are 
achieved with normal or near normal scapulotho-
racic muscles. The trapezius, levator scapulae, 
rhomboids, and serratus are all necessary to pro-
vide stable and strong scapular motion. In addi-
tion, the acromioclavicular and sternoclavicular 
joints will be stressed after fusion of the glenohu-
meral joint. The innervation of the trapezius and I. S. Gharbaoui (*) 
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Fig. 17.1 Inferior subluxation of the glenohumeral joint
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the levator scapulae is usually intact in brachial 
plexus palsy. Hence, when glenohumeral fusion 
is undertaken in this setting, it allows for both 
shoulder stability and a certain degree of motion 
through the scapulothoracic, as well as the acro-
mioclavicular and sternoclavicular joints, partic-
ularly in abduction and rotation. The rhomboids 
are usually preserved, except in the situation of 
C5 avulsion. The serratus anterior however is 
more often weak. A functional serratus anterior 
allows a better forward flexion through scapular 
rotation. Ideally, glenohumeral fusions should 
allow patients to use the paralyzed upper extrem-
ity independently, as well as the ability to per-
form bimanual activities, reach their mouth, face, 
and head, their front pocket, perineum, and pos-
sibly back pocket. As at least half of the motion 
of the shoulder is eliminated, the position of the 
fusion must be extremely precise.

Stabilization of the glenohumeral joint has 
been historically recommended in selected 
patients to improve both shoulder pain and the 
function of the upper extremity. It has been typi-
cally recommended in patients with functional 
scapulothoracic muscles as well as with active 
elbow flexion and a functional and sensate hand. 
A high rate of complications has been associated 
with this procedure, as it creates a huge lever over 
the fusion site. Patients with severe brachial 
plexus injuries often have poor bone quality from 
severe osteoporosis and lack the normal muscular 
compressive forces that would help with the bone 
healing. The rate of reported complications in the 
literature is very high. In addition to the usual 
complications such as hematomas and infections, 
nonunions, fractures (usually at the distal end of 
the plate or rarely through the scapular neck), and 
skin breakdown over prominent hardware are 
common in these patients with severe muscle 
atrophy (Fig.  17.2). More recent studies have 
shown significant decreases in the number and 
severity of these complications with improvement 
of the surgical techniques and modern hardware.

The goal of this chapter is to incorporate a 
review of the literature with personal clinical 
experience and present the best surgical tech-
niques, types of hardware, and position of the 
fusion and review surgical indications.

 Operative Techniques

Patient position Glenohumeral fusions can be 
performed in the beach chair position (with wide 
exposure of the back of the shoulder), or more 
often, in the lateral decubitus position. The entire 
upper extremity and the chest, shoulder, and back 
are prepped and draped. The ideal position should 
allow complete exposure of the scapula, in order 
to control abduction, forward flexion, and rota-
tion of the glenohumeral joint. Placement of tem-
porary pins through the glenohumeral joint and 
mobilization of the extremity intraoperatively is 
highly advisable, to assess the amount of motion, 
the position of the hand, and the severity of the 
scapular winging. The lateral decubitus is pre-
ferred by most authors [2–11]. Others [12–15] 
prefer the beach chair position.

Surgical approach The surgical approach is 
usually very easy in these patients due to severe 
atrophy of the deltoid. The proximal part of the 
incision is usually performed along the spine of 

Fig. 17.2 Muscle atrophy, involving deltoid, supraspina-
tus, and infraspinatus
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the scapula toward the lateral and anterior aspect 
of the acromion. Distally, three different 
approaches can be found in the literature: (1) 
Posterior approach [9], which can put at risk the 
axillary nerve and may result in some loss of sen-
sation or dysesthesia in its distribution; (2) lateral 
approach [2–7, 10, 11, 14] through the deltoid; 
and (3) anterior approach [12, 13, 16] through the 
deltopectoral interval. A two-incision technique 
has also been described by Irlenbush [17], com-
bining a deltopectoral approach with a second 
incision along the spine of the scapula. More 
recently, arthrodesis of the shoulder has been per-
formed arthroscopically [15].

Intra, extra-articular fusion The contact sur-
face between humerus and glenoid is very lim-
ited. The labrum has to be removed as well as the 
rotator cuff. Presence of one or multiple screws 
further diminishes this bony contact. For this rea-
son, most contemporary authors (Table 17.1) rec-
ommend both an intra-articular (glenohumeral) 
and extra-articular (acromiohumeral) fusion. 
Some recommend bone grafting to increase the 
chances for healing (Table 17.1). Atlan [6] com-
pared 2 series of patients, all with bone grafting: 
26 of them had both intra- and extra-articular 
arthrodesis using massive tricortical bone graft, 
while 28 patients had a glenohumeral only fusion 
with cancellous bone graft. The rate of nonunion 

was 4% in the first group, versus 43% in the sec-
ond group. In order to improve the bony contact 
between acromion and humeral head, some 
authors recommended an osteoclasis [9] of the 
acromion, osteotomy of the acromion distally 
[2], or near its junction with the scapular spine in 
addition to an osteotomy of the distal 2 cm of the 
clavicle [4], allowing the acromial arch to hinge 
downward for better apposition with the superior 
aspect of the humeral head.

Bone grafting Few authors have systematically 
used bone grafting (Table 17.1). In the previously 
mentioned article, Atlan [6] compared massive 
tricortical bone graft, placed in the glenohumeral 
and acromiohumeral spaces in 26 patients and 
reported 1 nonunion (4%), versus a 43% non-
union rate using cancellous bone graft only in the 
glenohumeral joint. He concluded that massive 
subacromial graft significantly reduced pseudar-
throsis. Another difference between the two 
groups was the extent of the fusion, involving 
both glenohumeral and acromiohumeral spaces 
in the first group, versus glenohumeral joint only 
in the second group. The vast majority of authors 
(Table 17.1), however, have obtained a high rate 
of bone healing, without graft.

Bone fixation (Table 17.2) Methods of fixation 
have improved over time. In older articles, fixa-

Table 17.1 Type of arthrodesis (intra, extra-articular), bone grafting

Year Cases Author Type of fusion Bone grafting Nonunions Remarks
1988 11 Richards IA + EA No 0
1991 13 Rouholamin IA + EA No 2 1 satisfactory fibrous union
1992 17 Pruitt IA + EA 3 1 Pediatric population
1997 12 Emmelot IA + EA No 0 Paralyzed upper extremity
1998 18 El-Said IA + EA No 1
1999 14 Ruhmann IA + EA No 1
2004 27 Chammas IA? No 0
2005 6 Wong IA + EA No 0
2011 4 Lerch IA + EA No 0
2011 11 Esenyel IA + EA Yes No
2012 26 Atlan IA + EA Yes 1 Massive tricortical graft
2012 28 Atlan IA Yes 12 Cancellous graft
2017 8 Lenoir IA No 0 Arthroscopic fusion + ex fix
2017 7 Thangarajah IA + EA 5 1 Nonunion: lag screws only
2018 11 Irlenbush IA + EA Some 0

IA (intra-articular) glenohumeral fusion, EA (extra-articular) acromiohumeral fusion
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tion has been performed using a smooth K-wire 
and Hagie pins [18], or a Rush pin augmented 
with a tension-band wiring from the acromion to 
the neck of the humerus [2]. Later, the need for 
compression through the arthrodesis was estab-
lished, and multiple authors [3, 4, 19, 20] have 
recommended fixation using lag screws. All of 
these techniques required postoperative immobi-
lization in a spica cast or a brace until complete 
healing of the fusion and were often associated 
with a high rate of nonunion. In addition, early 
physical therapy was not possible resulting in 
severe atrophy of the scapulothoracic muscles. 
More recently, stronger fixation methods have 
been advocated, using AO DCP 
(Arbeitsgemeinschaft für Osteosynthesefragen, 
Dynamic Compression Plate) plates [1, 6–10, 14, 
16–18, 21] or pelvic reconstruction plates [11–
13]. Both offer very strong fixation with no need 

for rigorous postoperative immobilization. The 
DCP plates are probably stronger than the pelvic 
reconstruction plates; however, they are very 
rigid and very hard to bend and even harder to 
twist and mold over this particular bony anatomy. 
Many patients experience painful prominent 
hardware, skin ulceration, and breakdown, neces-
sitating removal of the hardware. In Rtaimate’s 
[9] series, all 15 patients complained of painful 
and prominent hardware under the skin necessi-
tating premature hardware removal. The recon-
struction plates are narrow and less bulky. They 
are easier to bend, twist, mold, and apply directly 
against the bone, avoiding skin irritation. No fail-
ure of these plates has been reported in this 
review of the literature.

External fixators have also been recommended. 
Their main advantage is the possibility to correct 
the position of the fusion postoperatively, improv-

Table 17.2 Position of fusion and postoperative motion

Year Author Specificities

Position of fusion 
(degrees) Results (degrees)

Findings/RecommendationsAbd FF IR Abd FF IR
1988 Richards N = 11, 1 total 30 30 30 65 75 All have mild winging
1991 Rouholamin N = 13 30 20 20–

30
56 50

1992 Pruitt N = 17, pediatric 50 25 20 63 64 40 Better in BP 74/75/55
1997 Gonzalez- 

Diaz
N = 13 30 30 45 65 75

1997 Emmelot N = 12, flail UE 30 20–
30

20 80

1999 Ruhmann N = 14 20 30 40 59 51 More power/motion than 
trapezius transfer

2002 Rtaimate N = 15 52 20 20 48 46 40
2004 Chammas N = 11 good 

hand
N = 16 flail hand

24
31

21
27

14
28

59
63

61
62

42
45

2011 Lerch N = 4 20 30 40 60 40
2011 Esenyel N = 8 30 30 30 68 67
2011 Sousa N = 19 30 32 44 Abd > 35, FF > 30, IR < 45
2012 Atlan 22 upper, 32 

total
30 30 30 59 48

2017 Lenoir N = 8 30 30 30 80 59
2018 Belkheyar N = 8 ad with 

OBPP
Allow HM, HP, 0 rot 67 −21 21 ext. rot

2018 Van Der 
Lingen

N = 12 31 20 22 48 60 32 IR < 40

2018 Irlenbush N = 11 30 30 20 63 79 47 Abd = 25, FF = 20, IR = 30

Abd abduction, FF forward flexion, Int rot internal rotation, Ext rot external rotation, HM hand to mouth, HP hand to 
perineum, 0 rot neutral rotation
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ing the final outcome. However, they have been 
associated with a high rate of nonunions. More 
recently, authors have recommended augmenting 
the external fixation with compressive lag screws. 
Both Emmelot [5] and Lenoir [15] used a combi-
nation of external fixation and lag screws, via 
open and arthroscopic techniques, respectively, 
with 100% bone healing.

Position of fusion In order to restore the best 
possible function, without painful excessive 
winging of the scapula, the position of fusion 
must be as precise as possible. Malposition repre-
sents the most critical complication of glenohu-
meral arthrodesis. There is no consensus in the 
literature, about the position of fusion of the gle-
nohumeral joint. Large variations in multiple 
planes have been reported [22]: 10–80° abduc-
tion, 10–60° forward flexion, and from 60° of 
internal rotation to 45° of external rotation. The 
tendency, however, throughout the years has 
evolved, to favor less abduction and forward flex-
ion and more internal rotation. The most fre-
quently recommended position, within a 10° 
variation, is 30-30-30° of abduction, forward 
flexion, and internal rotation. The most important 
functional goals for the patient are the ability to 
reach the face, perineum, and pockets and achieve 
a position of the arm allowing for maximum 
strength for lifting, pushing, and pulling all while 
resting the shoulder in a comfortable position 
with the arm at the side of the body. Excessive 
abduction or forward flexion may force the scap-
ula to rotate medially or posteriorly, resulting in 
winging when the shoulder is at rest. Excessive 
abduction does not improve the final range of 
motion but significantly increases postoperative 
pain (Table 17.2). Cofield and Briggs [23], in an 
earlier long-term review of 71 cases, did not cor-
relate periscapular pain with fusions beyond 45° 
of abduction. They suggested that the final posi-
tion of fusion in abduction and forward flexion 
has little effect on the results. Pruitt [18] reported 
unsatisfactory outcomes (pain, prominent scapu-
lar winging, and poor cosmetic appearance), in 
pediatric patients fused in 70° abduction. In one 
case the arthrodesis was revised, and the patient 
was re-fused in less than 45° abduction with a 

good final outcome. Table 17.2 summarizes the 
positions of fusion in our reviewed articles, as 
well as the final maximum motion in abduction, 
forward flexion, and internal rotation. Regarding 
internal rotation, Van Der Helm [22] analyzed 
loading of the shoulder girdle muscles after gle-
nohumeral arthrodesis. He recommended, in 
order to achieve mobility area in the mid-sagittal 
plane, to fuse the shoulder at 60° of internal rota-
tion with a little abduction and forward flexion. 
He also recommended external fixation, in order 
to be able to adjust fusion angles postoperatively. 
Sousa [11] suggested that exaggerated internal 
rotation >45° significantly correlates with inabil-
ity of the hand to reach the mouth. Cofield and 
Briggs [23], as well as Hawkins and Neer [24, 
25], found that the degree of internal rotation was 
the most important factor for functional success. 
Most recent articles recommend a position of 
fusion between 20° and 40° of internal rotation 
(Table 17.2).

Complications The main complications include 
nonunion, fractures at both ends of the plate, 
infections, hematomas, and most commonly mal-
position resulting in severe and painful scapular 
winging or poor function necessitating a revision. 
The rate of complications has significantly 
improved overtime, with better osteosynthesis 
techniques. Table 17.3 shows the rate of compli-
cations in our reviewed articles. Nonunions and 
infections have become less common with mod-
ern techniques. Reconstruction plates allow for a 
better apposition against the bone. Also, having a 
low profile, they are rarely responsible of promi-
nent and painful hardware or skin breakdown in 
these patients with severe muscle atrophy. With 
the newer recommendations regarding the posi-
tion of fusion, painful winging of the scapula has 
also been significantly reduced, and in some 
studies eliminated. Fractures are still common, 
particularly at the distal end of the plate. They 
can be treated conservatively, in a cast or a brace, 
or surgically in case of severe displacement. 
These fractures can be, in a sense, providential, 
as they may allow, when necessary, adjustments 
to the position of the upper extremity and 
improvement of the function.
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Results The quality of the results depends on 
multiple factors such as bone healing, complica-
tions, pain, and function. Satisfied patients are 
typically pain-free, with a good functional result 
and no or minimal painless winging. They should 
be able to maintain their arm against her body 
while at the same time being able to control their 
shoulder and position their hand in space. The 
happiest patients report a feeling of stability of 
the shoulder, improvement of the cosmetic 
appearance, and improvement with regard to 
dressing, personal hygiene, walking, running, 
and performing activities of daily living. The 
shoulder pain from the inferior subluxation is 
usually cured by the fusion. Neuropathic pain can 
also improve from reduced traction on the bra-
chial plexus with less irritation on nerve endings. 
In recent studies, fusions in less abduction and 
forward flexion, with increased internal rotation, 
have helped achieve these goals. The results 
depend mostly on the final position of the fusion, 
but also on the strength of the elbow flexors, the 
functional quality of the forearm, wrist, and hand, 
and of course, the power and integrity of the 
scapulothoracic muscles. In the reviewed articles, 
most patients achieved 50 and 65° of abduction, 
40–80° of forward flexion, and 32–47° of internal 
rotation (Table 17.2). It appears from these stud-
ies that a fusion in a high degree of abduction or 
forward flexion does not lead to a better range of 
motion postoperatively. It may however increase 
the risk of postoperative winging and pain. 
Patient satisfaction has been excellent in most 

series. The subjective assessment of satisfaction 
depends on the amount of any residual pain, the 
capability to maintain the arm against the body at 
rest, and the ability to reach the mouth [17]. Van 
Der Lingen [8] found that satisfaction was more 
dependent on shoulder function than residual 
pain. The most satisfied patients, with better 
DASH scores, showed better degrees of abduc-
tion and forward flexion. All reviewed articles 
reported a satisfaction rate above 80%. Many [2, 
4, 5, 8, 12–14] achieved 100%.

Poor subjective outcomes were mainly related 
to residual pain, neuropathic in nature, or result-
ing from a malposition of the fusion, from exces-
sive abduction or forward flexion, with painful 
scapular winging. Pruitt reported that all his 
patients were satisfied but one. The shoulder had 
been fused at more than 70° of abduction, result-
ing in pain and poor appearance. The arthrodesis 
was revised and re-fused in less abduction (45°). 
In El-Said’s [2] article, 4 patients out of 18 com-
plained of residual pain. All had been placed in 
more than 80° of abduction.

 Author’s Preferred Technique

The position of the fusion is without doubt one of 
the most important parameters of this procedure. 
The goal is to obtain the maximum amount of 
abduction and anterior flexion without creating 
any painful winging of the scapula when the arm 

Table 17.3 Complications

Year Author # cases Nonunions Fractures Infections Hardware Malpositions
1988 Richards 11 0 0 0 0
1992 Pruitt 17 1 5 1
1998 El-Said 18 1 1 2 0 0
2002 Rtaimate 15 1 1 15 0
2004 Chammas 27 2 3 1 1 0
2011 Sousa 13 1 1 1
2011 Esenyel 8 0 1 1 0 0
2012 Atlan 54: 26 (IA + EA fusion)

28 (IA fusion)
1

12
4 2 1 0

2017 Thangarajah 7 1 0 0 0 0
2018 Belkheyar 8 0 0 0 0 0
2018 Ulrich 11 0 0 0 0 0
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lies against the body. Revision of the fusion 
would be very complicated after internal fixation. 
While the best position of the fusion usually falls 
around 20–30° of abduction, 20–30° of anterior 
flexion, and 30–40° of internal rotation, it varies 
from patient to patient, depending on the strength 
of the scapulothoracic muscles, the power of the 
elbow flexion and extension, the presence or not 
of active pronation and supination, the body 
mass, and the particular needs of the patient, 
based on his occupation or hobbies. This ideal 
position is difficult to predict with certainty from 
clinical assessment. In order to predict the best 
position of fusion, and allow a possible and sim-
ple adjustment, a percutaneous pinning of the 
glenohumeral joint can be performed a few days 
or weeks prior to the surgery (Fig. 17.3). Many of 
these patients also have absence of antigravity 
biceps, and the percutaneous pinning can be per-
formed at the time of the flexorplasty (Fig. 17.4). 
Postoperatively, the elbow is usually immobi-
lized in a long-arm cast, and the patient can enjoy 
and assess the benefits of a stable glenohumeral 
joint, as well as the newly recovered function, 
while assessing the impact from the loss of the 
passive motion. Adjustments to this position may 
then be planned, to improve function, at the time 
of the fusion. The infectious risk is minimal. 
However, these pins can create some damage to 
the articular surface when kept for long periods 
of time. A brace maintained part of the time can 
help minimize this damage.

The glenohumeral fusion is performed on a 
patient in the beach chair position or on the lat-
eral position on the opposite site. The pelvis is 
perfectly immobilized. In order to preserve the 
anatomy and to provide coverage of most of the 
hardware, a deltopectoral approach is preferred, 
extended proximally to the back of the shoulder, 
over the acromion, then following the spine of 
the scapula. The proximal insertion of the deltoid 
is elevated to fully expose the glenohumeral joint. 
The labrum is excised, as well as the rotator cuff. 
When percutaneous pins had been previously 
inserted, a template is applied to the bones, fol-
lowing the spine of the scapula, the superior and 
lateral aspect of the acromion and the lateral 
aspect of the humerus. The pins are then removed, 
and a decortication of the humeral head, glenoid 
fossa, and undersurface of the acromion is per-
formed. It is important to obtain a fusion in both 
glenohumeral joint and acromiohumeral space. 
The humeral head has to sit in tight contact with 
both glenoid and acromion. Temporary K-wires 
are then inserted to maintain the position. No 
osteotomy of the acromion is necessary, espe-Fig. 17.3 Percutaneous pinning

Fig. 17.4 The percutaneous pinning was performed as 
the same time as the Steindler procedure
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cially in sequela from obstetric palsies, where the 
acromion is deformed and down sloped. No bone 
graft is usually necessary, except in the rare cases 
with poor bony contact between the humeral 
head and the acromion. The bone fixation is then 
performed using a pelvic reconstruction plate, 
molded to match the template. All screws are 
inserted through the plate taking care to place at 
least two cancellous lag screws through the 
humeral head and the glenoid fossa and 1–2 more 
screws through the acromion and the neck of the 
scapula (Fig.  17.5). Additional cortical screws 
are inserted proximally in the spine of the scapula 
and distally in the humeral shaft. The wound is 
closed after reattachment of the proximal deltoid 
to the bone. Postoperatively, the patient is placed 
in a simple shoulder abduction pillow, maintain-
ing the arm in mild abduction.

 Discussion

Upper vs total, flail hand vs functional 
hand (Table 17.4) Prerequisites to a glenohu-
meral arthrodesis traditionally include active 
elbow flexion as well as a functional and sensate 
hand. Many patients with a total brachial plexus 
palsy, sometimes in spite of a surgical treatment, 
can have a weak hand, sometimes insensate. 
Many authors looked at the outcomes of shoul-
der arthrodesis in total brachial plexus palsy, 
versus upper brachial plexus palsy. Richards 
[12] reported on 11 adults, one of them with a 
total palsy that demonstrated a comparable range 
of motion as the rest of the group, and his shoul-
der pain was completely relieved. Rouholamin 
[4] reported on 13 patients, 6 of them having a 
total brachial plexus palsy. Similarly, his results 
found that total palsies were comparable to the 
upper palsies. Chammas [20] compared 2 groups 
of patients: 11 with upper palsy and a functional 
hand and 16 with a total palsy and a flail hand. 
All of them had active elbow flexion against 
resistance after nerve reconstruction, tendon 
transfers, or free muscle transfer. The position of 
fusion was different in the two groups with 24° 
and 21° of abduction and forward flexion, 
respectively, in the upper palsy and 31° and 27° 
in the total palsies. Postoperatively, active range 
of motion of 59°, 61°, and 42° of abduction, for-
ward flexion, and internal rotation, respectively, 
was achieved in the upper palsy group versus 
63°, 62°, and 45° in the total palsy group. In 
spite of increasing the position of fusion abduc-
tion, all patients except one, in the total palsy 
group, had recovered a strong brachiothoracic 
grasp, 7 could perform bimanual activities such 
as holding a tray, 14 could use the hand as a 

Fig. 17.5 Internal fixation using a reconstruction plate. 
Lag screws are inserted through the plate, across the gle-
nohumeral joint and the acromiohumeral space

Table 17.4 Results in total BPP

Year Author Specificities
Position Results

ParticularitiesAbd FF Int Rot Abd FF Int Rot
1988 Richards N = 1 30 30 30 75 85 Poor hand function
1991 Rouholamin N = 6 23 27 47 65 51
2004 Chammas N = 16 31 27 28 63 62 45 Flail hand
2012 Atlan N = 32 30 30 30 57 46
2017 Lenoir N = 3 30 30 30 50 80

Abd abduction, FF forward flexion, Int Rot internal rotation
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paperweight, and 8 of them could sleep on the 
fused upper extremity. Patients with upper palsy 
showed better strength in abduction, adduction, 
and internal and external rotation. Finally, he 
reported that the strength of the pectoralis major 
was a significant prognostic factor in terms of 
ultimate excursion of the hand and of shoulder 
strength. Atlan [6] looked retrospectively at 54 
cases of glenohumeral fusion, 32 total palsies, 
and 22 partial palsies. All patients had prior 
recovery of active elbow flexion. The mean 
range of motion was 59° in abduction (57°, for 
complete, and 62° for partial palsy) and 48° in 
internal rotation (50° for complete and 46° for 
partial palsy). He concluded that there was no 
significant difference between the partial and 
total palsy groups. Lenoir [15] reported a series 
that included arthroscopic glenohumeral fusion 
in eight patients, three of them with a total palsy, 
and two of these also had a transfer of the infe-
rior branch of the spinal accessory nerve to the 
suprascapular nerve. Their postoperative range 
of motion was 50° of abduction and 80° of for-
ward flexion as opposed to 59° and 80° for the 
entire group. These authors agreed that active 
antigravity elbow flexion is absolutely neces-
sary, as all their patients had recovered it. 
Emmelot [5] reported a series of 28 patients with 
total brachial plexus palsy and a flail shoulder, 
elbow, and a poorly functional hand. He per-
formed a shoulder fusion in combination with an 
elbow stabilizing orthosis in 12 patients; 16 
additional patients refused the operation and 
where used as a control group. He performed 
fusions at 30° of abduction, 20–30° of forward 
flexion, and 20° of internal rotation. 
Postoperatively, all patients said they benefited 
from the surgery, and none regretted undergoing 
the shoulder fusion. There was overall improve-
ment in most cases with regard to dressing 
(100%), cosmetic appearance (91%), physical 
hygiene (91%), walking (83%), running (75%), 
and particularly feeling more stable (91%). 
There was a significant difference in functional 
activities between the group with glenohumeral 
arthrodesis and the group without.

Patients with previous spinal accessory nerve 
transfer It is admitted that the quality of the 
results correlates directly with the quality of the 
trapezius, rhomboids, serratus, and levator scapu-
lae. In the primary treatment of brachial plexus 
palsies, many patients undergo nerve transfers, 
sometimes using the spinal accessory nerve, most 
often to the suprascapular nerve. The most proxi-
mal branches of the spinal accessory nerve to the 
upper trapezius are usually preserved maintain-
ing some control over the scapula. The lower tra-
pezius, however, is denervated. Few authors have 
specifically looked at the results. Thangarajah 
[16] reported on seven patients, two of them hav-
ing had a spinal accessory to suprascapular nerve 
transfer. He analyzed his results, using the Oxford 
Shoulder Score (OSS) and Subjective Shoulder 
Value (SSV). The average OSS in his cases 
improved from 11 preoperatively to 27 postoper-
atively (range 16–40). This was accompanied by 
a significant increase in the mean SSV from 7 
preoperatively (range 0–15) to 45 postoperatively 
(range 15–100). In the patients with previous spi-
nal accessory nerve transfer, the OSS improved 
from 11 to 22 in one patient and from 15 to 26 in 
another, while the SSV improved from 10 to 30, 
and from 0 to 50. Chammas [20] reported on 27 
patients, 11 of which had an upper palsy with a 
functional hand and 16 a total palsy with a flail 
hand. Eleven patients had undergone suprascapu-
lar nerve repair, which failed in all with a muscle 
power of MRC grade 2 or less. Seven other 
patients had a direct transfer of the terminal 
branch of the spinal accessory nerve, and four 
had nerve grafting to the suprascapular nerve. A 
total of 22/27 patients had a weak or nonfunc-
tioning trapezius. He reported a postoperative 
range of motion of 59, 61, and 42°, respectively, 
for the abduction, forward flexion, and internal 
rotation in the patients with upper palsies, and 63, 
62, and 45° for the patients with total palsy. 
Compared to other series, it did not appear that a 
partially or totally denervated trapezius hindered 
the outcome. Atlan [6] reported on 54 patients 
who had shoulder arthrodesis. All patients had 
preganglionic avulsions. A spinal accessory 
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nerve transfer for elbow flexion was performed in 
seven cases. Their results showed slightly smaller 
abduction and rotational arc of motion in these 
patients, even though this trend was not 
significant.

While it would make sense that a healthy tra-
pezius should be a prerequisite, there is no evi-
dence that partial or even total denervation of the 
trapezius significantly hinders the outcome. Until 
a more detailed study is performed, one can 
safely assume that glenohumeral arthrodesis can 
be performed in patients with previous and failed 
spinal accessory nerve transfer, particularly, 
when the rest of the scapulothoracic muscles are 
functional. However, it would be highly advis-
able to avoid such transfers in patients with mul-
tiple root avulsions, who could become candidates 
for a glenohumeral joint fusion at a later time.

Weak serratus The serratus is a very important 
muscle for the stability of the scapula. It plays a 
major role in scapular protraction and upward 
rotation, resulting in forward flexion of the arm. 
It is both an antagonist to the rhomboids when 
pulling the scapula forward around the thorax 
and an agonist and synergistic by keeping the 
scapula pressed against the thorax when the supe-
rior and inferior parts fire together. In cases of 
weakness of the serratus, excessive position of 
the fusion in forward flexion would result in pos-
terior winging of the scapula caused by the 
weight of the arm. It has therefore been recom-
mended by Emmelot [5] to reduce the forward 
flexion angle to 10–15° in such cases.

Poor acromioclavicular joint A resection of the 
lateral end of the clavicle has been recommended 
by Cofield [23], in the setting of a painful, osteo-
arthritic AC joint. A fusion of the acromioclavic-
ular joint, as recommended by Richards [12], is a 
less attractive option.

Pediatric patients The proximal growth plate of 
the humerus is responsible for 80% of the growth, 
and does not fuse before 17 years of age. Hence, 
concerns in children include severe shortening of 
the arm segment, decreased bone surface area in 
which to obtain a solid fusion, as well as loss of 

position over time, resulting in decreased abduc-
tion. For that reason, fusions have been recom-
mended in as much as 90° of abduction. Pruitt 
[18] reported on 17 patients with 91% satisfac-
tory results and recommended fusions to be per-
formed in around 50° of abduction and after age 
10. Mah and Hall [26] in their series of 10 patients 
with a follow-up between 5 and 27 years did not 
find any loss of abduction over time. They recom-
mended fusion at 45° abduction and 25° flexion, 
and did not consider shortening to be function-
ally important, provided the patient could reach 
his mouth with his hand.

 Indications

Indications for glenohumeral arthrodesis in bra-
chial plexus palsies have been historically a sal-
vage procedure, typically considered after failure 
of more accepted treatments, such as nerve 
reconstruction or tendon transfers. It would be 
however interesting to compare their outcomes. 
The functional results of direct nerve repairs to 
the shoulder are less predictable than those for 
the elbow [27, 28]. Modern nerve transfer tech-
niques [29], including spinal accessory to supra-
scapular, combined with triceps long or lateral 
branch to the axillary nerve are usually very suc-
cessful. When more roots than C5 and C6 are 
involved however, it is often impossible to use 
one of the triceps branches to neurotize the axil-
lary nerve. Results of the isolated transfer of the 
spinal accessory to suprascapular, without recon-
struction of the axillary nerve, have been disap-
pointing [30], particularly for external rotation, 
for both amplitude and strength.

In cases with failure of the surgical nerve 
reconstruction or in the absence of surgery, per-
sistent brachial plexus palsies with a flail shoul-
der are very difficult to treat. Tendon transfers 
have been reported to have only limited success 
owing to the complex biomechanics of shoulder 
girdle [31]. Ruhmann [10] compared the out-
comes of two groups of patients with persistent 
brachial plexus palsy. Sixty-three patients under-
went a trapezius transfer, and 14, a shoulder 
arthrodesis. In all cases, the trapezius transfer 
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resulted in increased abduction from 6.1° to an 
average of 36.4° (20–80°) and forward flexion 
from 13.8° to an average of 31.9° (10–90°). The 
multidirectional shoulder instability was 
improved in 60 patients. Strength and functional 
improvement were, on average, greater following 
shoulder arthrodesis with an increased abduction 
from 9.6° to 59.3° (40–90°) and forward flexion 
from 11.4° to 50.7° (30–90°). The main advan-
tage of the trapezius transfer was to maintain the 
passive motion, while the patients with the fusion 
obtained more strength and better function. He 
concluded that the shoulder fusion was more suit-
able for those patients who require the best pos-
sible extent of function and strength in the 
shoulder.

Le Hanneur [32] reported on a series of 45 
consecutive patients with either C5-C6-C7 or 
C5-C6-C7-C8 brachial plexus palsy. 
Glenohumeral arthrodesis was performed in 24 
patients with a flail shoulder, either primary, in 
avulsion injuries and late cases, or secondary, in 
cases of failure of the nerve surgery. Nerve sur-
gery for reconstruction of the shoulder was per-
formed in 14 patients. He reported 23/24 good 
results in the arthrodesis group, versus 6/14 in the 
nerve surgery group. Degeorge [33] compared 
two similar groups of adults with brachial plexus 
palsy. Twenty were managed by transfer of the 
spinal accessory nerve to the suprascapular nerve, 
and 38 by shoulder arthrodesis. After an average 
follow-up of 46  months, the DASH scores and 
the ranges of motion of the shoulder were compa-
rable between the two groups; however, the 
strength was significantly greater in the arthrod-
esis group, in all directions of motion. In addi-
tion, the heterogeneity of the data suggested poor 
predictability and reliability of the nerve transfer, 
in contrast to the modest but predictable and uni-
form results of the shoulder arthrodesis. He con-
cluded that arthrodesis should not be considered 
anymore as a salvage procedure, but rather, 
deserves to be viewed as a valid alternative to 
nerve transfer.

To summarize, the functional outcome of gle-
nohumeral arthrodesis is superior to those of iso-
lated spinal accessory to suprascapular nerve 
transfer and those of trapezius transfer. While the 

gold standard of surgical reconstruction of bra-
chial plexus palsy should primarily involve nerve 
reconstruction, in cases with multiple root avul-
sions, when a nerve reconstruction of both supra-
scapular and axillary nerve is not possible, a 
shoulder arthrodesis should become part of the 
overall strategy, providing a better outcome for 
the shoulder. In these situations, no nerve donors 
should be wasted on the shoulder, and all avail-
able roots should then be directed to other func-
tions allowing a higher axonal count with a 
superior outcome for the rest of the extremity. 
The shoulder fusion would then be planned as a 
secondary procedure which would be part of the 
overall strategy of treatment.

 Contraindications

Poor postoperative satisfaction can be the result 
of lack of function or persistent pain [8, 17]. It 
can also be the result of unrealistic expectations. 
The quality of the results directly correlate with 
the strength and function of the scapulothoracic 
muscles. Even in case of complete (C5 to T1) 
avulsions, the spinal accessory nerve is usually 
preserved, allowing some degree of function and 
stability. An associated paralysis or weakness of 
the trapezius represents the only absolute contra-
indication. In case of extraforaminal rupture of 
the upper roots, the rhomboids, levator scapulae, 
and serratus function are usually preserved. More 
often, patients with C7 and/or C6 avulsions dem-
onstrate additional weakness of the serratus. A 
thorough clinical examination, possibly aug-
mented with a nerve conduction study, can help 
in the assessment of the level of denervation. In 
these situations, a meeting with comparable 
patients can be very helpful in establishing realis-
tic expectations. Residual pain is also a signifi-
cant source of patient unhappiness, especially 
when coupled with a limited function. While the 
shoulder pain from the inferior subluxation is 
usually eliminated by the fusion, no promise 
should be made regarding the neuropathic pain. 
In our practice, candidates for shoulder fusion 
with questionable indications are encouraged to 
meet with similar patients (with comparable 
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extent of the palsy), having undergone it previ-
ously. In addition, a percutaneous pinning can 
also help the patient predict and assess his func-
tion, as well as the impact on his pain.

 Conclusion

Glenohumeral arthrodesis is a safe, satisfactory, and 
reproducible procedure. Complications have 
become rare with modern techniques. Pelvic recon-
struction plates are easier to mold and allow for a 
stable fixation with a high rate of union, without 
skin irritation. Bone grafting is not necessary. 
Malposition of the fusion, resulting in painful wing-
ing and/or suboptimal function, represents the most 
challenging complication. The most frequently rec-
ommended position is 30° of abduction, 30° of for-
ward flexion, and 30° of internal rotation. The 
tendency has been, however, to reduce the amount 
of abduction and forward flexion and increase the 
amount of internal rotation. Preoperative placement 
of percutaneous pins across the glenohumeral joint 
can be very helpful in fine-tuning the position of the 
fusion at the time of surgery.

Shoulder fusions are beneficial in secondary 
settings, after failure of more conventional proce-
dures. Their outcome is superior to that of trape-
zius transfer. They can also be indicated, in 
primary settings, as part of the overall strategy of 
treatment, in cases of multiple avulsions with lim-
ited available nerve material. When a reconstruc-
tion of both suprascapular and axillary nerves 
cannot be achieved, shoulder fusion provides a 
better outcome than isolated repair of the supra-
scapular. It can achieve a better outcome for the 
shoulder, but also the rest of the extremity (as no 
nerves would be wasted on the shoulder and more 
donor nerves would be directed to the elbow and 
hand). Total brachial plexus palsies do not repre-
sent a contraindication, as the final motion is com-
parable to that of upper palsy, although with 
slightly less strength. Active antigravity elbow 
flexion and a functional and sensate hand are usu-
ally prerequisites for this procedure. Patients 
without active elbow flexion and a functional 
hand can however still benefit from it, by combin-
ing it with an elbow orthosis (and possibly wrist 

orthosis or fusion). Recovery of a brachiothoracic 
pinch and complete resolution of the shoulder 
pain can lead to a high level of satisfaction. Even 
in patients with weak scapulothoracic muscles, 
shoulder fusions are still beneficial. Patients with 
a previous spinal accessory nerve transfer are also 
good candidates for this procedure. When the 
fusion is planned primarily, as part of the overall 
strategy, it is advisable to avoid using the spinal 
accessory nerve for any nerve transfer. 
Furthermore, it can finally be performed in ado-
lescents, as close as possible to skeletal maturity.

Even though glenohumeral arthrodesis is an 
accepted procedure in brachial plexus palsies, it 
has remained mostly unpopular. Sacrifice of part 
of the passive range of motion can be a reason-
able price to pay for patients in demand of stabil-
ity, pain relief, and better function. The 
satisfaction rate is very high, but to avoid unreal-
istic expectations, it would be highly advisable to 
have the patients meet and talk to previous 
patients who underwent this procedure.

Number of complications: nonunions, frac-
tures (above or below the plate), infections (deep 
or superficial), painful hardware (including skin 
irritation and ulceration)

Figures 17.6, 17.7, 17.8, 17.9, 17.10, 17.11, 
and 17.12: Results in an obstetric brachial plexus 

Fig. 17.6 Abduction
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Fig. 17.7 Forward flexion

Fig. 17.8 Hand to mouth

Fig. 17.9 Hand to neck

Fig. 17.10 Hand to belly
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palsy. Patient was first seen at age 54, with lack 
of shoulder abduction and external rotation, 
elbow flexion, and wrist extension. She first 
underwent an ECU to ECRB transfer. She then 
had a bipolar latissimus transfer to the biceps in 
association with the percutaneous pinning of the 
glenohumeral joint. She finally had a glenohu-
meral fusion.

Figures 17.13, 17.14, 17.15, 17.16, 17.17, 
17.18, and 17.19: Results in a total brachial 
plexus palsy. Primary exploration revealed five 
root avulsions. Patient received intercostal to 
musculocutaneous transfer and then secondarily, 
free gracilis to the finger flexors, innervated with 
spinal accessory nerve.

Please find in attachment two movies about 
the outcome.

Fig. 17.11 Hand to back

Fig. 17.12 Hand to back

Fig. 17.13 Abduction
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Fig. 17.14 Adduction Fig. 17.15 Adduction
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Fig. 17.16 Forward Flexion Fig. 17.17 Forward flexion

Fig. 17.18 External rotation
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Reconstructive Options 
for the Thumb Axis in a Brachial 
Plexus Injury

Rowan M. Chandler, Tod A. Clark, 
and Jennifer L. Giuffre

 Introduction

The thumb is the first digit on the human hand 
and is similar to the other digits in that it is com-
prised of phalangeal bones whose hinge joints 
flex toward the palm. The thumb differs from the 
other digits in that it is the only digit that per-
forms opposition. The ability of the thumb to 
oppose with the other four digits is due in part to 
the thumb’s lateral position on the hand and its 
particularly mobile carpometacarpal (CMC) 
joint. This, coupled with the actions of the thenar 
muscles, allows for powerful precise movement 
in multiple directions. The role of the thumb in 
hand function has evolved along with the ever- 
increasing use and prevalence of handheld 
devices in the general population. The thumb, 
which used to function primarily as a static post 
against which objects were pinched, now oper-
ates independently and with greater dexterity in 
carrying out motions such as typing and texting 

[1]. Opposition and precise control of thumb 
interphalangeal (IP) joint flexion are particularly 
important for independent thumb actions [2].

Opposition has been formally defined many 
times by primatologists, human anatomists, and 
hand surgeons [3–5]. A distinction is made 
between opposition and apposition. Opposition is 
the movement by which the pulp of the thumb is 
placed in contact with the distal ends of one or all 
of the remaining digits. To achieve opposition, 
the thumb must abduct palmarly, flex, and pro-
nate; this requires the use of the abductor pollicis 
brevis (APB), opponens pollicis (OP), and flexor 
pollicis brevis (FPB) muscles. Apposition refers 
to an extension-adduction movement (as opposed 
to the flexion-abduction movement of opposi-
tion) whereby the ulnar side of the distal phalanx 
of the thumb is brought into contact with the 
palm or the radial side of the index finger. Moving 
a digit back to its neutral position is called reposi-
tion, and a circular movement of the thumb at the 
carpometacarpal joint is referred to as circum-
duction [5].

The bones of the thumb are the first metacar-
pal, the proximal phalanx, and the distal phalanx. 
The joints of the thumb are the interphalangeal 
(IP) joint and the metacarpophalangeal (MCP) 
joint. The metacarpal of the thumb articulates 
with the trapezium at the wrist, thus forming the 
carpometacarpal (CMC) joint.

The muscles acting on the thumb can be 
divided into two groups: extrinsic and intrinsic. 
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Those muscles with muscle bellies outside the 
hand are referred to as extrinsic muscles, whereas 
intrinsic muscles are located within the hand. The 
extrinsic muscles are innervated by the median 
and radial nerves. The flexor pollicis longus 
(FPL) muscle is an extrinsic muscle to the thumb 
which is innervated by the median nerve. The 
radial nerve innervates the extrinsic abductor pol-
licis longus (APL), extensor pollicis longus 
(EPL), and extensor pollicis brevis (EPB) mus-
cles. The intrinsic muscles of the thumb are 
innervated by the median and ulnar nerves. The 
median nerve innervates the thenar muscles 
including the abductor pollicis brevis (APB), 
opponens pollicis (OP), and the superficial head 
of the flexor pollicis brevis (FPB), while the ulnar 
nerve innervates the deep head of the FPB, 
adductor pollicis (AP), and the first dorsal inter-
osseous muscles.

Reconstruction of the thumb’s complex move-
ments poses a challenge to surgeons. Given the 
distal anatomic location of the intrinsic and 
extrinsic muscles of the thumb coupled with the 
few donor nerves available once the shoulder and 
elbow function have been addressed, nerve trans-
fers alone in a patient with a brachial plexus 
injury are not adequate to restore thumb function. 
Tendon transfers are an option; however, they are 
limited by the level of the plexopathy. Tendon 
transfers reconstitute a lost function rather than 
restore each specific muscle lost. There have 
been several techniques described to appropri-
ately reposition the digit to maximize function. 
First CMC joint arthrodesis and IP joint arthrod-
esis have been described in the treatment of the 
brachial plexus patient in order to improve pre-
hension by recreating a stable post against which 
patients can place objects [6]. These arthrodeses 
are used in combination with tendon and nerve 
transfers to maximize thumb function.

This chapter will explore the evolution of the 
approach to the treatment of thumb function in 
the brachial plexus patient and describe surgical 
techniques that have been shown to have success-
ful outcomes. This chapter will not discuss the 
prerequisite conditions to perform a tendon or a 
nerve transfer as these will be discussed in other 
chapters.

 History

William Thorburn reported the first primary 
repair of a brachial plexus injury in 1900 [7]. The 
patient was a 16-year-old male who sustained an 
injury in a mill accident. Four years following the 
repair, the patient had good elbow and wrist func-
tion; however, he had regained minimal shoulder 
function and no hand function. Though much of 
the pioneering work on tendon transfers and the 
development of local flaps for upper extremity 
reconstruction came from the treatment of sol-
diers on the battlefields of the First and Second 
World Wars, conservative management of bra-
chial plexus injuries was the mainstay of treat-
ment throughout the twentieth century [8, 9]. 
This prevailing mindset of conservative treatment 
began to alter in the 1980s with publications 
demonstrating the work done by Millesi and 
Narakas [7, 10–12]. They outlined encouraging 
results using new microsurgical techniques in the 
repair of brachial plexus injuries with nerve 
repairs and nerve transfers. During this time, 
however, tendon transfers were the mainstay of 
treatment to restore thumb function, specifically 
thumb opposition. The first tendon transfer for 
thumb opposition was published by Steindler in 
1918 [13, 14]. Today, the most commonly used 
opposition transfers rely on the flexor digitorum 
superficialis (FDS) of ring or long finger, exten-
sor indicis proprius (EIP), palmaris longus (PL), 
and abductor digiti minimi (ADM) [15]. Other 
tendons used include extensor digiti minimi 
(EDM), extensor carpi ulnaris (ECU), extensor 
carpi radialis longus (ECRL), EPL, FPL, and 
pronator teres (PT) [16–19].

In the 1990s nerve transfers became popular 
in the treatment of nerve injuries that could not 
be repaired primarily or in patients with a proxi-
mal injury, significant local trauma, and scar tis-
sue. Operating outside of the zone of injury and 
transferring a functional but less important 
redundant nerve to a distal but more important 
denervated nerve [20] to restore critical function 
gave promising results. The principles of tendon 
transfers influenced clinical decision-making for 
nerve transfers. Encouraged by the results of 
nerve transfers in shoulder and elbow restoration, 
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surgeons became interested in designing motor 
and sensory nerve transfers for hand and thumb 
function.

 Surgical Technique

This section will outline an approach to restoring 
thumb function and cover options including 
nerve transfer, tendon transfer, and arthrodesis. 
The determination of whether the thumb is recon-
structed with nerve transfers and/or tendon trans-
fers and/or arthrodesis depends on several factors: 
the mechanism and location of the injury, con-
comitant injuries (soft tissue, bone, or vascula-
ture), donor options, and elapsed time from 
injury.

 Complete Plexus Injury

An array of nerve transfers have been described 
to restore thumb and hand function in the patient 
with a complete brachial plexus injury. These 
transfers have had varying levels of success.

 Contralateral C7 Use
Gu in 1986 introduced the use of the contralateral 
C7 (CC7), containing 25,000 myelinated motor 
and sensory fibers, in the reconstruction of 
patients with complete brachial plexus lesions 
[21]. In theory, because of the high cross- 
innervation by the contralateral C6 and C8 roots, 
the uninjured contralateral C7 (partial or whole) 
can be transferred with an ipsilateral vascularized 
ulnar nerve graft of the injured limb into the 
median nerve with the goal of restoring thumb 
function and grasp without leaving a permanent 
neurologic deficit in the donor limb.

In brief, the contralateral C7 root of the unaf-
fected limb is identified through the traditional 
supraclavicular approach to the brachial plexus. 
The posterior superior half of the nerve root is 
identified and dissected distally. On the ipsilat-
eral injured arm, the ulnar nerve is dissected in its 
entirety from the wrist to the axilla, while keep-
ing its vascular pedicle intact. A subcutaneous 
tunnel is made across the chest to the pre- 

dissected partial C7 root. The distal end of the 
ulnar nerve is passed across the chest, and a neu-
rorrhaphy is performed to the contralateral C7. 
The proximal ulnar nerve end is divided, and a 
neurorrhaphy is performed to the ipsilateral 
median nerve at the level of the axilla.

In 1998 Gu et al. reported the results of eight 
CC7 nerve transfers to the median nerve with 
more than 2  years follow-up. Five of the eight 
patients achieved at least M3 recovery of the 
wrist, fingers, and thumb flexors [22]. Despite 
encouraging results, CC7 transfers have not 
gained universal popularity. Sammer et al. evalu-
ated 28 patients following hemi-CC7 transfers to 
the median nerve using an ipsilateral pedicled 
vascularized ulnar nerve graft. They concluded 
that the outcomes of hemi-CC7 transfer for resto-
ration of shoulder motor function or median 
nerve function following posttraumatic brachial 
plexus injury did not justify the risk of donor-site 
morbidity, which included possible permanent 
motor and sensory losses [23].

 Free Innervated Gracilis Muscle Use
Unfortunately, despite favorable results for early 
nerve grafting and transfer techniques for shoul-
der and elbow function in brachial plexus inju-
ries, results of nerve grafting or nerve transfers 
for thumb and hand function have been less 
favorable. Intrinsic muscle function of the thumb 
and digital movement cannot readily be restored 
by nerve transfers; therefore, a combination of 
arthrodeses and either a single or double free 
functioning gracilis muscle transfer or tenodesis 
has been proposed to augment the hand and 
thumb function, restore grasp and release, and 
position the hand adequately in space.

Doi et  al. improved prehension in patients 
being treated for brachial plexus injuries by 
obtaining thumb stability with arthrodesis and 
performing a concomitant double free functional 
muscle tissue transfer for finger function [24]. 
The goals of the double gracilis transfer are to 
provide shoulder stability flexion and extension 
of the elbow, hand sensibility, and rudimentary 
hand grasp and release. In the first muscle trans-
fer, the gracilis muscle is neurotized by the spi-
nal accessory nerve and anastomosed to the 
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thoracoacromial trunk to produce elbow flexion 
and finger or wrist extension. Proximally the 
gracilis is attached to the clavicle and routed dis-
tally under the brachioradialis to the radial wrist 
and finger extensors. In the second transfer, the 
gracilis is neurotized to two motor intercostal 
nerves and anastomosed to the thoracodorsal 
artery to create finger and thumb flexion. Another 
two motor intercostal nerves are coapted to a tri-
ceps branch to provide an agonist to the gracilis 
to prevent elbow flexion and allow for the graci-
lis to produce grasp. The sensory intercostal 
nerves are neurotized to the median nerve for 
hand sensation. Proximally the gracilis is 
attached to the second rib, routed subcutane-
ously along the medial aspect of the arm and 
attached distally to the flexor digitorum profun-
dus (FDP) and FPL tendons. If successfully per-
formed, the patient is able to activate thumb 
flexion at the IP joint and achieve a more func-
tional hand [25–27].

Modifications to the gracilis free muscle trans-
fer originally described by Doi et  al. employ a 
single gracilis muscle to restore elbow flexion, 
finger flexion, and thumb flexion [6, 28, 29] 
(Fig. 18.1). The gracilis is secured proximally to 
the clavicle with several suture anchors. The 
muscle is tunneled into the forearm, beneath the 
PT to create a pulley effect, and is provisionally 
placed in its final position. The vascular anasto-
mosis is preferentially performed end-to-end to 
the thoracoacromial trunk. The neurorrhaphy is 
completed with two motor intercostal nerves or 
alternatively the spinal accessory. Distally, the 
FDP and FPL tendons are identified and sutured 
together in a position that creates key pinch and 
grasp with traction. The gracilis tendon is then 
woven into the prepared FDP and FPL tendons 
using a Pulvertaft weave. The muscle flap is ten-
sioned to allow the fingers and thumb to extend 
with elbow flexion and allow the fingers and 
thumb to close with elbow extension. In addition, 
the sensory intercostal nerves are neurotized to 
the lateral cord contribution of the median nerve 
to provide protective sensation to the hand, and 
two motor intercostal nerves are transferred into 
a nerve branch of the triceps for agonist for grasp.

The innervated free muscle transfer offers a 
rudimentary straight-line pull to the finger and 

thumb flexors that originates in the proximal fore-
arm. In brachial plexus injuries, several obstacles 
prevent this straight line of pull from being con-
verted to an effective digital grasp and lateral pinch. 
The first obstacle is the lack of wrist stability. The 
majority of the pull from the transfer is directed to 
useless wrist motion instead of finger motion. The 
second obstacle is thumb malposition and instabil-
ity. Although functional muscle transfers and teno-
desis activate the FPL tendon, there are no thumb 
extrinsic or intrinsic muscles to help position the 
thumb for pinch. The imbalance of forces results in 
an ineffective thumb, which is supinated, hyperex-
tended at the CMC joint, and hyperflexed at the IP 
joint. Therefore, despite initial surgical efforts, 
patients present with persistent flaccid/contracted 
wrists, flaccid thumbs in a supinated and extended 
position, poor pinch, and poor grasp.

Wrist, first CMC, and thumb IP joint arthrod-
eses are used as secondary adjunctive procedures 

Fig. 18.1 A single free gracilis muscle transfer, secured 
proximally to the clavicle and distally to the flexor digito-
rum profundus and flexor pollicis longus tendons, restores 
elbow flexion and finger flexion. Options for muscle 
innervation include the spinal accessory nerve (as seen in 
the diagram) or two intercostal motor nerves
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to improve hand function, hand control, and 
appearance by increasing stability. These arthrod-
eses provided maximal biomechanical advantage 
of the tenodesis or transferred gracilis muscle by 
obtaining improved finger/thumb flexion through 
stable joints. The wrist, first CMC joint, and IP 
joint arthrodeses create mechanical efficiency as 
contraction of the transferred gracilis muscle 
pulls the fingers and thumb into pinch [6].

Surgical techniques for arthrodesis are no dif-
ferent in the thumb of the brachial plexus patient. 
CMC joint arthrodesis is performed using staples 
(3M Shapiro Staples, St. Paul, MN). Bone graft 
(distal radius cancellous bone harvested at 

Lister’s tubercle) is packed between the joint sur-
faces. A 1.6 mm K-wire is place retrograde in the 
medullary canal of the thumb metacarpal and 
exiting the dorsal MCP joint. The thumb is placed 
in 35–45° of palmar abduction and 20–30° of 
radial abduction and pronation of the thumb so 
that the thumb pulp rests on the radial aspect of 
the index finger middle phalanx. The K-wire is 
advanced across the CMC joint, and Shapiro sta-
ples are placed across the CMC joint (typically 
two staples). A radiograph is used to confirm the 
position of fusion (Fig. 18.2).

IP joint arthrodesis is performed using a ten-
sion band wire technique. A burr is used to 

Fig. 18.2 Radiographic evidence of wrist, first CMC joint, and IP joint union by 6 weeks
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remove the subchondral bone from the distal pha-
lanx base and the head of the proximal phalanx 
keeping the joint surfaces congruent. The IP joint 
is flexed 15–35 degrees, and a tension band wire 
construct using 28 gauge surgical steel and 
0.9 mm K-wires is used for fixation (Fig. 18.2).

Following wrist, first CMC joint, and IP joint 
arthrodeses, patients are immobilized in a thumb 
spica cast for 6–8  weeks or until radiographic 
union is achieved. Patients are encouraged to 
maintain finger range of motion after surgery. 
Physiotherapy and occupational therapy of the 
wrist and thumb begin following union.

There are very few studies that describe using 
first CMC joint arthrodesis and IP joint arthrod-
esis as part of the upper extremity reconstruction 
in patients with brachial plexus injuries. Giuffre 
el al. assessed 24 patients with brachial plexus 
injuries and demonstrated a statistically signifi-
cant improvement in DASH scores (from 51 pre- 
operation to 28 post-operation), pain scores (from 
5.3 pre-operation to 3.2 post-operation), as well 
as patient-perceived improvements in appear-
ance, function, ease of daily cares, hygiene, pain, 
and satisfaction post-arthrodeses [6]. The major-
ity of patients (84%) in the study were satisfied 
with the surgery. Additionally, patients in this 
study reported a statistically significant decrease 
in pain following arthrodesis. Pain pre- arthrodesis 
may have been associated with repetitive injuries 
to the paralyzed extremity due to lack of control 
of the flaccid thumb. The main purpose of these 
procedures in this population is to improve pre-
hension and therefore elevate hand function. A 
stable wrist and thumb following arthrodesis alle-
viates the flaccid wrist and the thumb in the plane 
of the fingers that hinders activities of daily 
living.

Complications of arthrodesis are uncommon 
but include nonunion, infection, hardware com-
plications, nerve complications, adjacent arthri-
tis, impaction, impingement, and pain.

 Partial Plexus Injury

In the case of a partial plexus injury, there are 
more transfer options available for restoration of 
thumb function.

The nerve that contributes to the majority of 
thumb sensation, flexion, and opposition is the 
median nerve. A low median neuropathy primar-
ily affects true thumb opposition (palmar abduc-
tion and pronation) and sensation. A high median 
neuropathy results in loss of thumb opposition 
and thumb IP joint flexion (FPL) in addition to 
motor deficits of the index and long fingers FDP 
and FDS tendons, forearm pronation (PT and 
pronator quadratus (PQ)), and sensory deficits in 
the median innervated digits.

 Nerve Transfers

Nerve transfers for low median neuropathies 
have been proposed [30–32] in which the termi-
nal branch of the anterior interosseous nerve 
(AIN) is transferred to the median recurrent 
motor nerve branch; however, it requires an inter-
positional nerve graft and cannot be used in high 
median nerve injuries.

In order to perform this transfer, the nonfunc-
tioning motor thenar nerve is identified within the 
carpal tunnel and dissected from the remainder of 
the median nerve as proximal as possible and 
transected. At the proximal edge of the pronator 
quadratus muscle, the AIN is located and traced 
distally into the muscle until the nerve trifurcates. 
An interposition nerve graft is often necessary to 
bridge the gap between the distal end of the AIN 
and the proximal end of the recurrent motor nerve 
branch. The medial antebrachial cutaneous 
(MABC) nerve or lateral antebrachial cutaneous 
(LABC) nerve may be used as the graft [30–32].

In a high median nerve injury, the AIN is not 
an available donor nerve; therefore, alternative 
nerve transfers for thumb opposition have been 
described. Bertelli et al. proposed transferring the 
motor branch of the ADM into the thenar recur-
rent motor nerve branch [33]. After surgery, 
patients improved thumb pronation, thenar emi-
nence bulk, and APB. Patients recovered approx-
imately 75% of their normal-side grasp and pinch 
strength with no donor deficits [33].

In addition to restoration of thumb opposition, 
high median neuropathies require the restoration 
of the AIN innervated muscles. If the injury to the 
median nerve is distal to the brachial plexus in 
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the upper arm, thumb IP joint flexion (FPL) can 
be reestablishing by restoring the AIN through 
either a primary neurorrhaphy, a nerve graft if the 
defect is ≤6 cm, or a nerve transfer. ECRB nerve 
branch to AIN [34–38] and brachialis nerve 
branch to AIN [39] transfers have been described 
to restore the AIN and therefore 
FPL. Brachioradialis nerve to AIN with an inter-
positional nerve graft is another option [38].

 Sensory Nerve Transfers

Sensation can be restored with either repair of the 
peripheral sensory nerve or nerve transfers [39]. 
End-to-end and end-to-side neurorrhaphies have 
been proposed to restore sensation in the distal 
radial, median, and ulnar nerve distributions. 
Priorities of sensation are to the ulnar side of the 
thumb, the radial side of the index finger, and the 
ulnar border of the hand. Donor nerves include 
the sensory intercostal nerves (to be transferred 
into the lateral cord contribution of the median 
nerve in brachial plexus injuries), LABC, distal 
sensory radial nerve branches [40], distal median 
nerve to the third webspace, and distal ulnar 
nerve to the fourth webspace [30]. The recovery 
of sensation is aimed at preventing cutaneous 
ulcers and restoring protective sensation [40].

 Alternatives to Nerve Transfers

 Tendon Transfer
If the patient’s injury is such that nerve transfers 
are not an option, the surgeon may rely on tendon 
transfers to restore thumb position and function. 
In an isolated low median neuropathy, thumb 
opposition has traditionally been restored with 
tendon transfers using various radial or ulnar 
innervated muscles such as the EIP, EPL, ECU, 
ECRL, EDM, ADM, or high median innervated 
muscles (if available) such as PL or the FDS of 
the long or ring fingers [16].

The tetraplegia literature has provided a 
wealth of information on hand mechanics. The 
literature states that effective lateral pinch 
requires all three joints of the thumb to be con-

trolled in a position of functional balance by a 
combination of active muscle function and cap-
suloligamentous stability [41]. Over time as the 
natural ligament and tenodesis restraints are 
attenuated, a zigzag collapse deformity results 
[42]. The CMC joint assumes an extended and 
supinated position, and the metacarpophalangeal 
joint develops a hyperflexed posture. Similar to 
tetraplegia patients, in brachial plexus patients, 
the muscles that influence thumb position and 
effective pinch (flexor pollicis longus, extensor 
pollicis longus, extensor pollicis brevis, abductor 
pollicis longus, three thenar muscles, adductor 
pollicis, and first dorsal interosseous) cannot be 
adequately replaced to provide thumb abduction/
adduction, flexion/extension, and supination/
pronation.

The most rudimentary thumb motion uses a 
tenodesis effect between FPL and EPL during 
wrist flexion and extension. If the patient has 
active wrist control, the FPL can produce a weak 
pinch when the wrist is extended. Tenodesis of 
the EPL can be used for release of pinch, when 
the wrist is flexed.

Moberg proposed a limited key pinch through 
tenodesis of the FPL to the volar distal radius at 
the proximal edge of PQ with arthrodesis of the 
IP joint [43]. Hentz et al. reported that Moberg’s 
technique resulted in excessive flexion of the 
MCP joint and significant patient dissatisfaction 
[42]; therefore, Hentz further modified the 
Moberg procedure by tenodesing both EPB and 
EPL to the first metacarpal using a bone anchor 
[42]. House further modified the technique by 
prepositioning the CMC joint by arthrodesis in a 
lateral pinch position and IP joint arthrodesis to 
prevent hyperflexion [41]. Active control of the 
thumb was provided by tenodesis or tendon 
transfer to FPL.  House and Shannon demon-
strated strong grasp and effective lateral pinch 
following the modified Moberg technique with 
an average pinch strength of 3.3  kg and grip 
strength of 7.4 kg [44]. All patients were satisfied 
with the functional results of surgery [44].

Zancolli described a “lasso” procedure as 
another option to enhance thumb pinch strength 
and recommended a two-stage reconstruction 
[45, 46]. The first stage consists of extensor teno-
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desis of the thumb, intrinsic tenodesis using the 
“lasso” procedure in which a slip of FPL is reat-
tached to itself after passing through the proxi-
mal pulley, and thumb IP joint fusion. The second 
stage includes ECRL to FDP tendon transfer, BR 
to FPL tendon transfer, a volar thumb MCP cap-
sulodesis if the thumb MCP joint is hyperex-
tended, and a volar tenodesis of the EPB tendon 
if the thumb is in excessive extension.

 Discussion

Restoring thumb function in the brachial plexus 
patient is a challenging proposition. The valuable 
role the thumb plays in effective hand function 
places priority on at minimum achieving a stable 
digit against which the patient can place objects 
and transfer them.

In brachial plexus patients there is not a single 
procedure that can adequately restore all of the 
muscles that influence thumb position and effec-
tive pinch (FPL, EPL, EPB, APL, 3 thenar mus-
cles, AD, and first dorsal interosseous). 
Combinations of tendon transfers, tenodesis, and 
arthrodesis procedures can be used at the CMC, 
MCP, and IP joints to provide effective position-
ing and control of the thumb to produce pinch.

Tendon transfers restore a lost function rather 
than restore each individual lost muscle. 
Tenodesis attempts to stabilize joints by anchor-
ing the tendons that move the joint. Unlike ten-
don transfers or tenodeses, nerve transfers are not 
limited to the one tendon/one function and the 
“straight line of pull” principles. The major 
advantages of a nerve transfer are their ability to 
restore motor and sensory function and their abil-
ity to restore multiple muscles with a single nerve 
transfer. The origin and insertion of the muscles 
are not disrupted in a nerve transfer, so unlike in 
a tendon transfer or tenodesis, the original func-
tion is maintained. Arthrodesis is typically dis-
cussed in arthritis management to increase 
stability and decrease pain. Arthrodesis is a reli-
able and durable treatment with consistently 
good results and improved overall patient satis-
faction. Arthrodesis is useful in the brachial 

plexus thumb to make this multiarticular digit 
more stable and easier to control.

A comprehensive approach, taking into consid-
eration the patient’s original injury, age, functional 
status, and their ability to participate in post-oper-
ative therapy, is all taken into consideration when 
formulating an operative plan. Restoring thumb 
function and giving the patient a stable digit with 
which to perform the functions of opposition, 
pinch, and release vastly improves the brachial 
plexus patient’s quality of life and productivity. 
The various tools in the surgeon’s arsenal in order 
to reach this goal have been outlined above.
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Wrist Arthrodesis in the Adult 
Brachial Plexus Patient

Tod A. Clark and Jennifer L. Giuffre

 Introduction

Wrist arthrodesis is commonly indicated in 
advanced symptomatic arthritis secondary to 
degenerative, posttraumatic, post-infectious, or 
post-inflammatory conditions [1–4]. Arthrodesis 
is typically discussed in arthritis management to 
increase stability and decrease pain [5–10]. Other 
conditions leading to arthrodesis include burn 
contractures, fixed deformities, and painful insta-
bility or deformity associated with ligament or 
tendon injury [11]. Wrist arthrodesis has been 
performed to improve function, hygiene, and cos-
mesis in patients with contracted or flaccid wrists 
secondary to cerebral palsy, traumatic brain 
injury, or brachial plexus injuries [11, 12]. Terzis 
et al. [13] performed wrist arthrodesis as a sec-
ondary procedure for hand reanimation in 61 
patients with posttraumatic brachial plexopathies 
and concluded that wrist arthrodesis offered sta-
ble, painless carpus with improved overall upper 
limb function [13]. Addosooki et  al. [12] 
described their technique of wrist arthrodesis as a 
complementary procedure to a double free mus-

cle transfer to restore hand prehension in patients 
with total brachial plexopathies [12] and con-
cluded that wrist fusion in patients receiving dou-
ble free muscle transfers resulted in improved 
finger range of motion and overall hand function 
[1]. Giuffre et al. found that a wrist, first carpo-
metacarpal (CMC) joint, and thumb interphalan-
geal (IP) joint arthrodesis could be used in 
conjunction with other reconstructive measures 
to improve function and grasp in patients with 
complete brachial plexus injuries [14].

Useful hand function requires grasp and 
release and adequate positioning in space [15–
17]. Methods to successfully restore elbow and 
shoulder function in brachial plexus injuries with 
early nerve grafting and nerve transfers are well 
documented. Results of nerve grafting and nerve 
transfers for the restoration of intrinsic muscle 
function, wrist or digital movement, pinch, and 
grasp have been less favorable; therefore, free 
functioning muscle transfers or tenodeses are 
currently the accepted means to restore grasp and 
pinch [15, 16, 18]. These transfers offer a rudi-
mentary straight-line pull to the finger and thumb 
flexors that originates in the proximal forearm. In 
brachial plexus injuries, the lack of wrist stability 
prevents this straight line of pull from being con-
verted to an effective digital grasp and lateral 
pinch. Instead, the majority of the pull from the 
transfer is lost to useless wrist motion rather than 
directed to useful finger motion. Unfortunately, 
despite initial surgical efforts, patients present 
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with persistent flaccid/contracted wrists, flaccid 
thumbs in a supinated and extended position, 
poor pinch, and poor grasp. Wrist arthrodesis is a 
means to provide the necessary stability to the 
wrist which allows all of the power and excursion 
of the muscle transfer to be directed to useful fin-
ger motion, grasp, and pinch.

 Indications for Wrist Arthrodesis 
in Brachial Plexus Patients

At the time of arthrodeses, patients must be sta-
ble from their previous nerve and tendon recon-
structions. Despite initial attempts at 
reconstruction, patients presenting with no intrin-
sic muscle function, a flaccid wrist or a wrist flex-
ion contracture, poor digital grasp, a thumb in an 
extended and supination position with poor lat-
eral pinch and pain would benefit from a wrist 
arthrodesis.

 Surgical Technique

All procedures are done in an operating room 
under general or regional anesthesia with proxi-
mal tourniquet control. A dorsal incision is made 
in line with the third ray from the middle of the 
third metacarpal to 4–5 cm proximal to the radio-
carpal joint. The extensor retinaculum is incised 
through the third dorsal extensor compartment. 
Retinacular flaps are raised radially and ulnarly 
to expose the second, third, fourth, and fifth dor-
sal extensor compartments. The retinacular flaps 
are used to retract the tendons radially and 
ulnarly. A ligament sparing dorsal wrist capsu-
lotomy is performed to allow for adequate soft 
tissue to cover the plate and act as a barrier to the 
extensor tendons upon closure. The wrist can be 
fused by preparing all the carpal surfaces left 
intact, or a proximal row carpectomy can be per-
formed. If a proximal row carpectomy is per-
formed, cancellous bone from the scaphoid, 
lunate, and triquetrum is used for bone graft. The 
articular cartilage and subchondral bone of the 
proximal capitate and hamate, the distal articular 
surface of the radius, and the third CMC joints 

are removed with a rongeur and burr. Cancellous 
bone graft harvested from the proximal row car-
pal bones is placed within the radiocarpal, and 
third CMC joints. Alternatively, iliac crest bone 
graft or distal radius bone graft can be used. To 
allow for apposition of a precontoured plate on 
the radius, Lister’s tubercle and a small portion of 
the dorsal distal radius is removed with an osteo-
tome. All arthrodeses are performed using the 
dorsal locking wrist fusion plate (Synthes, Paoli, 
PA) or equivalent precontoured plate (Fig. 19.1). 
The proximal row carpectomy is performed to 
correct any fixed wrist flexion contracture and to 
allow the wrist to be arthrodesed in 20–25 degrees 
of wrist extension. Following plate placement, 
the dorsal capsule is repaired over the plate. The 
extensor tendons are replaced into their anatomic 
position, and the extensor retinaculum is repaired 
leaving extensor pollicis longus dorsal to the 
repair. Subsequently a first CMC joint and IP 
joint fusion are performed (discussed in another 
chapter). Following wrist, first CMC joint, and IP 
joint arthrodeses, patients are immobilized in a 
thumb spica cast for 6–8  weeks or until radio-
graphic union is achieved. Patients are encour-
aged to maintain finger range of motion after 
surgery. Physiotherapy and occupational therapy 
of the wrist and thumb begin following union.

 Advantages of Wrist Arthrodesis 
in Brachial Plexus Patients

Wrist, first CMC, and thumb IP joint arthrodeses 
are used as secondary adjunctive procedures to 
improve hand function, hand control, and appear-
ance in patients with a brachial plexus injury by 
increasing stability. These arthrodeses provided 
the maximal biomechanical advantage of the 
tenodeses or transferred gracilis muscle by 
obtaining improved finger and thumb flexion 
through stable joints. Addosooki et  al. [1] per-
formed an isolated wrist arthrodesis following a 
double free muscle transfer and found the mean 
total active motion of the fingers was 39° ± 21° 
before arthrodesis and 49° ± 25° afterward, a sta-
tistically significant difference (P = 0.001). Wrist 
arthrodesis provides improved grasp by creating 
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mechanical efficiency as contraction of the trans-
ferred gracilis muscle pulls the fingers across a 
stable wrist joint. Terzis and Barmpitsioti [13] 
found that of 35 patients treated with wrist 
arthrodesis and free muscle transfer for finger 
flexion/extension, 31 patients had enhanced over-
all upper limb function with wrist arthrodesis, 
and 34 patients were satisfied with their achieved 

wrist stability [13]. The post-arthrodesis 
Disabilities of the Arm, Shoulder, and Hand 
(DASH) score was 59 ± 13 indicating moderate 
ability in daily activities [13]. A pre-arthrodesis 
DASH score was not documented. Giuffre et al. 
assessed 24 patients with brachial plexus injuries 
and demonstrated a statistically significant 
improvement in DASH scores (from 51 

Fig. 19.1 Radiographic evidence of wrist, first CMC joint, and IP joint union by 6 weeks
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 pre- operation to 28 post-operation), pain scores 
(from 5.3 pre-operation to 3.2 post-operation), as 
well as patient-perceived improvements in 
appearance, function, ease of daily cares, 
hygiene, pain, and satisfaction post-arthrodeses 
[14]. Several authors treating patients with bra-
chial plexus injuries have reported improved 
upper extremity appearance following wrist 
arthrodesis [12, 13, 19, 20]. Van Heest and 
Strothman reported improvements in appearance 
and hygiene in 94–100% of patients with spastic 
wrist deformities [11].

 Potential Complications

Most patients demonstrate radiographic evidence 
of wrist, first CMC joint, and IP joint union by 
6 weeks (range 5–10). There is the potential for 
higher nonunion rates from disuse osteopenia in 
this population; however, this has not been the 
case in our brachial plexus patients. Complications 
of arthrodesis include nonunion (reported 
between 5 and 30%)at the wrist or the third CMC 
joint, infection, hardware complications, exten-
sor tendon adhesions and tenosynovitis, nerve 
complications, adjacent arthritis, impaction, 
impingement, and pain [5, 21]. Wrist arthrodesis 
has a reported overall complication rate of 
51–68% [21, 22].

 Conclusion

To provide stability while the arthrodesis heals, 
several fixation options such as intramedullary 
pin or rod techniques and AO plate fixation tech-
niques exist. Millender and Nalebuff popularized 
the use of a Steinmann pin as an intramedullary 
fixation technique for wrist arthrodesis in patients 
with severe bone loss secondary to rheumatoid 
arthritis [23]. Although the Steinmann pin is not 
possible in a small intramedullary canal, the 
Steinmann pin is drilled into the second or third 
intermetacarpal webspace and countersunk prox-
imal to the metacarpal heads. Intramedullary 
techniques have the advantages of decreased 
operative time, simplicity, short recovery period, 

reduced cost compared to implants, and the flex-
ibility to position the wrist in the desired position 
[24]. Presently pre-contoured low-contact 
dynamic compression titanium plates have been 
developed specifically for wrist arthrodesis. The 
plate edges are tapered to avoid prominence and 
the screw heads are recessed. The plates have a 
carpal bend to provide 10 degrees of wrist exten-
sion. Several studies indicate that power grip is 
maximally accomplished in slight wrist exten-
sion (10–15 degrees) and ulnar deviation [24–
26]. The authors of this paper prefer plate fixation 
for arthrodesis as it offers reliable and reproduc-
ible fixation in slight wrist extension with mini-
mal hardware complications post-arthrodesis.

The plate contour is designed to fit with a 
proximal row carpectomy and removal of the 
dorsal distal radius. The benefit of the proximal 
row carpectomy is the ease of plate application, 
the simplification of wrist fusion as there are a 
decreased number of joints to be fused, the pre-
vention of ulnocarpal impingement, the ability to 
harvest cancellous bone graft from the excised 
carpal bones, and the ability to correct for wrist 
contractures allowing the wrist to be positioned 
in the best mechanical position to maximize grip 
strength. The authors’ preference is to perform a 
proximal row carpectomy with wrist arthrodesis. 
Alternatively, the proximal carpal row can be 
incorporated into the fusion.

Incorporation of the third CMC joint within 
the wrist arthrodesis is controversial. Third CMC 
joint arthrodesis supposedly prevents micromo-
tion across the joint, thereby potentially alleviat-
ing concerns of metal fatigue and failure of the 
plate over a mobile articulation. Nevertheless, 
painful third CMC joint nonunion after spanning 
arthrodesis has been reported [27], with one 
study reporting nonunion of the third CMC joint 
in up to 43% of patients [28]. Some have sug-
gested a total wrist arthrodesis using a spanning 
plate, which does not fuse the CMC joint, argu-
ing that simply bridging the joint using the com-
pression plate is sufficient. Once the wrist is 
fused, the plate is removed to allow for physio-
logic motion of the joint [28]. Others advise not 
to include the third CMC joint within the wrist 
arthrodesis unless the CMC joint shows 
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 pre- existing pathology [28]. The authors’ pre-
ferred technique is to include the third CMC joint 
within the fusion mass. With this patient popula-
tion, we have not had any cases of nonunion.

Given the low morbidity of wrist arthrodesis 
and the potential for improved upper extremity 
grasp and pinch, at our center, all patients with 
complete brachial plexopathies undergo wrist 
arthrodesis as part of their upper extremity recon-
struction. Once patients are stable from the nerve 
transfers and free functioning muscle transfers, a 
wrist arthrodesis is performed.
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Supraclavicular Exposure 
of the Brachial Plexus

Ross C. Puffer and Robert J. Spinner

 Operating Room Set-Up/
Positioning

There are many aspects of a supraclavicular bra-
chial plexus exploration and reconstruction that 
must be considered initially during the operating 
room set-up and patient positioning to ensure that 
there is appropriate access to all potential surgi-
cal corridors and graft harvest sites during the 
procedure as needed. Equipment should include a 
surgeon’s headlight and loupes for initial expo-
sure, both monopolar (Bovie®, Bovie Medical 
Corporation, Clearwater, FL) and bipolar electro-
cautery, an operative microscope for microsurgi-
cal repairs, intraoperative neuromonitoring/EMG 
to allow for motor evoked potentials (MEP), and 
nerve to nerve or muscle recordings. The patient 
will need to be secured to the operating room 
table using safety straps, and a normothermia 
system (such as the underbody 3M ™ Bair 
Hugger, St. Paul, MN) should be utilized as the 
large area of exposed skin could lead to difficul-
ties maintaining appropriate patient temperature.

Anesthetic considerations include general 
anesthesia without the use of nondepolarizing 
muscle relaxants and/or nitrous oxide during 
electrodiagnostic testing portions of the proce-

dure. Access for the anesthesiologist can be dif-
ficult, as in many cases only one extremity will 
be available to the anesthesia team during the 
case, and he/she should plan for an arterial line as 
well as large bore IV access in the single exposed 
arm. A urinary catheter should be utilized during 
the case. The endotracheal tube should be secured 
above the ears with tape and should be directed to 
the opposite side of the planned brachial plexus 
exposure.

The patient should be in the supine position on 
the OR table with the head turned to the opposite 
side of the planned neck incision with the head 
resting on a donut. A bump can be placed between 
the shoulder blades, and the neck, in some exten-
sion to facilitate the clavicle as the highest point 
of the exposed field. The extended neck turned to 
the opposite side allows for expanded access to 
the supraclavicular region and helps to highlight 
the sternocleidomastoid muscle (SCM) for inci-
sion planning. The back of the OR table is ele-
vated, and the legs are dropped slightly, so the 
patient is in a semi-beach chair position. If access 
to the posterior shoulder is required, a bump can 
be placed under the torso to facilitate a semi- 
lateral position allowing access to both the supra-
clavicular and posterior arm/shoulder regions. 
The arm on the side of the planned surgery is 
placed in a stocking, and a non-perforating towel 
clamp is used to clip the stocking to the OR 
drapes, thus holding the arm in a slightly flexed 
position but allowing for active movement during 
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the case. A portable surgical instrument stand 
(e.g., Mayo Stand, USA Medical and Surgical 
Supplies, St. Louis, MO) is utilized during the 
case to support the arm in an abducted, externally 
rotated position to allow for arm/forearm expo-
sure during reconstruction and grafting. The con-
tralateral arm is tucked. Access of both lower 
limbs should be planned for harvest of sural 
nerve (s) and/or free functioning (gracilis) 
muscle.

The neck (to the ear) and the entire arm are 
prepped, as is the ipsilateral chest wall to midline 
and posterior shoulder to the mid-axillary line on 
the operative side. A sterile U-drape is used to 
drape around the operative field, and the edges of 
the U-drape are covered in 3M™ Ioban strips. 
Both legs are circumferentially prepped above 
the knee in the case of planned sural nerve har-
vest, and up to the groin when a free functioning 
muscle is required.

 Exposure

A transverse incision is planned in one of Langer’s 
lines approximately 2–3 fingerbreadths above the 
clavicle. The incision should span from the trape-
zius to the SCM, usually centered on the external 
jugular vein which can often be seen (Fig. 20.1). 
Alternatively, a zig-zag incision can be planned, 
running parallel to the lateral border of SCM from 
the region just below the tip of the mastoid down 
to the clavicle, then running along the clavicle lat-
erally toward the trapezius. Either the transverse 
or the zig-zag incisions allows for easy addition or 
extension of an extra incision in the deltopectoral 
groove to allow for incorporation of an infracla-
vicular brachial plexus exposure.

After incision, the platysma is divided in line 
with the incision. Generous subplatysmal flaps 
are developed both superiorly and inferiorly to 
improve the excursion of the exposure. The exter-
nal jugular vein is encountered and can be pro-
tected in a vessel loop and retracted (Fig. 20.2). 
Typically, for access to the upper brachial plexus 
elements as in posttraumatic cases, we prefer 
mobilizing the external jugular vein, medially; 
for access to the lower brachial plexus elements 

as in thoracic outlet surgery, we prefer mobiliz-
ing it laterally.

In many cases, supraclavicular nerves arising 
from the cervical plexus are exposed and pro-
tected when possible. These nerves can be traced 
back to their origins at C3-C4 if necessary. Next, 
the cleidal attachment of the SCM should be dis-
connected from the clavicle. The omohyoid mus-
cle is identified. Dissection of the omohyoid 
(medially toward the internal jugular vein and 
laterally, the suprascapular notch) enhances visu-
alization of the relevant anatomy. It can then 

Fig. 20.1 Planned incision to the supraclavicular bra-
chial plexus

Fig. 20.2 Superficial dissection to the level of the 
omohyoid
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either be retracted or divided with tag stitches on 
either end. These stitches can be pulled laterally 
and medially to aid in exposure (Fig. 20.3). The 
fat pad is then seen. Often times the plexus com-
ponents can be palpated just below the fat pad. 
The fat pad is then cauterized (bipolar) and mobi-
lized laterally. Dissection is then done in a per-
pendicular trajectory connecting the mid-point of 
the lateral edge of the SCM to the clavicle. 
Depending on the exposure needed, the clavicle 
can be partially exposed (or completely skeleton-
ized, mobilized, and retracted) and subclavius 
divided; for brachial plexus trauma, we have not 
needed to osteotomize the clavicle.

The dorsal scapular and suprascapular vessels 
may be encountered, and they can be ligated and 
divided. The phrenic nerve can be visualized run-
ning along the surface of the scalene anterior 
muscle. It should be dissected free and protected 
in a vessel loop (Fig. 20.4). Confirmation of the 
phrenic nerve can be achieved using direct stimu-
lation, which should cause contraction of the 
ipsilateral hemidiaphragm. When identified and 
dissected free, the phrenic nerve can be traced 
toward its origin at C5 and further cephalad.

After identification of C5, it can be traced dis-
tally to the upper trunk and suprascapular nerve 
and anterior and posterior divisions of the upper 
trunk. When the upper trunk is dissected free and 
placed in a vessel loop, C6 can be exposed by 
furthering the dissection proximally from the 
upper trunk inferior to C5.

Typically, more proximal exposure is needed. 
A portion of the anterior scalene muscle can be 
resected to allow the spinal nerves of the brachial 

plexus to be dissected to the foramen of the cervi-
cal spine (Fig.  20.5). The transverse processes 
can be carefully removed with a rongeur, but con-
sideration must be given to the vertebral artery, 
which runs in close proximity to the nerves at the 
level of the foramen. Resecting a portion of sca-
lene anterior is usually needed for exposure of 
C7. The transverse cervical artery will need to be 
ligated and divided. The C7 nerve and middle 
trunk lie medial and inferior to the upper trunk.

Because of poor results of grafting lower trunk 
elements, brachial plexus exploration of C8 and 
T1 is not performed. If C8 and T1 are exposed, 
the subclavian artery will need to be identified 
and mobilized. The subclavian artery is posterior 
to the scalene anterior muscle (the subclavian 
vein lies anterior). The relative position of the 

Fig. 20.3 Dissection deep to the omohyoid Fig. 20.4 Identification of the phrenic nerve and the bra-
chial plexus. Dashed lines illustrate the potential resection 
of the scalene anterior during the exposure of the brachial 
plexus

Fig. 20.5 Resection of the scalene anterior allows proxi-
mal exposure of the brachial plexus elements
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subclavian artery to C8 and T1 is somewhat vari-
able, but it is typically anterior and inferior. The 
C8 and T1 nerves and lower trunk lie deep to the 
C7 nerve and can be identified and isolated in 
vessel loops. Care must be taken to avoid injuring 
the pleura, which can often be visualized just 
below the T1 nerve [1].

In brachial plexus trauma, there may be sig-
nificant scarring within the upper trunk, or even a 
complete rupture, making this portion of the 
 dissection more difficult. It is best to identify nor-
mal anatomy where present and then expose 
proximally and distally from that point to dissect 
through scar tissue and identify either a neuroma 
in continuity or complete rupture (Fig. 20.6).

When the injury is significant and scarring is 
severe, C6 may not be easy to identify. The long 
thoracic nerve may be utilized indirectly to help 
lay out a scarred brachial plexus. The long tho-
racic nerve receives contributions from C5-C7, 
pierces the middle scalene, and then runs along 

the chest wall to innervate the serratus anterior 
muscle. Identifying the long thoracic nerve 
deep to the suprascapular nerve (lateral to the 
scalene medius), and tracing it proximally 
through the scalene medius, may provide an 
alternative approach to identifying the proximal 
C6 nerve. Contraction of the serratus anterior 
with stimulation of the long thoracic nerve con-
firms a postganglionic injury at that spinal 
nerve level.

In cases of neurogenic thoracic outlet syn-
drome, a slightly lower transverse incision is uti-
lized. Scalene anterior is resected and then 
scalene medius is divided. Dissection of the 
entire supraclavicular brachial plexus is done 
with concentration on proximal dissection of the 
lower trunk and C8 and T1 nerves to the level of 
the foramina. Subclavian artery is mobilized 
medially toward the vertebral artery takeoff. 
Bony protuberances (i.e., elongated transverse 
process or cervical rib) are then removed.

a b c

Fig. 20.6 Operative pictures: (a) Right brachial plexus 
exposure for a patient undergoing surgery for thoracic 
outlet syndrome. After anterior scalenectomy, there is 
good exposure of all spinal nerves (C5-T1) of the brachial 
plexus; phrenic (P) and suprascapular nerves (SSN). (b) 
Right brachial plexus exposure with a neuroma in conti-
nuity (asterisk) of the upper trunk (UT). The suprascapu-
lar nerve is seen (just above the retractor blade) at its 

takeoff just at the inferior margin of the neuroma. The 
suprascapular nerve can then be used as a distal target for 
grafting or transfer. (c) Right brachial plexus exposure 
with rupture (asterisk) of the upper trunk (UT). The supra-
scapular nerve is in a vessel loop just above the clavicle. 
The rupture has caused the upper trunk to retract distally 
underneath the clavicle. Phrenic nerve is not seen in this 
photograph
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 Spinal Accessory Nerve

The spinal accessory nerve is created by a combi-
nation of cranial and spinal nerves. It descends in 
the posterior triangle of the neck in an oblique 
fashion. It can be identified more cranially 
approximately 1.5 cm above the great auricular 
nerve as it wraps around the SCM.  From this 
point, the spinal accessory nerve traverses 
obliquely toward the trapezius muscle where it 
runs along the medial border before diving deep 
along the muscle to provide its innervation. We 
prefer to identify the spinal accessory nerve sev-
eral centimeters above the clavicle on the medial 
border of the trapezius muscle during supracla-
vicular brachial plexus exploration. Intraoperative 

stimulation can be useful to identify the nerve. 
When identified, it can be dissected both proxi-
mally and distally along its course to obtain ade-
quate length for either direct nerve transfer or as 
a donor with interpositional grafting. If using as a 
neurotizer, major proximal branches to the trape-
zius should be preserved in order to avoid com-
plete denervation of the trapezius muscle.
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Infraclavicular Exposure 
of the Brachial Plexus

Shelley S. Noland and Pelagia Kouloumberis

 Indications for Use

The infraclavicular brachial plexus comprises the 
cords that result from the anterior and posterior 
divisions as well as the terminal branches. 
Indications for infraclavicular brachial plexus 
exposure are not as common as the supraclavicu-
lar approach, as traumatic injuries in this area are 
infrequent. Surgical exposure of the infraclavicu-
lar brachial plexus may be used for resection of 
tumors, repair of traumatic lacerations, and nerve 
grafting.

 Operating Room Set-Up 
and Positioning

Operating room set-up/positioning/anesthetic 
considerations and equipment are as described in 
the previous chapter. The patient should be in the 
supine position on the OR table with the head 
turned to the opposite side of the planned arm 
incision. The head should be resting comfortably 
on a head support such as a gel donut. The arm 
for the planned surgery is placed on a hand table 
attached to the OR table. The contralateral arm is 

tucked. Access of both lower limbs should be 
planned for possible harvest of sural nerve(s) 
and/or free-functioning (gracilis) muscle. 
Prepping and draping are as described in the pre-
vious chapter. The entire neck and upper quad-
rant of the chest should be prepped and draped in 
the event that a supraclavicular dissection is 
needed [1–4].

 Exposure

The skin incision is marked along the deltopec-
toral groove, from the junction of the middle and 
lateral thirds of the clavicle to the anterior axil-
lary fold (Fig.  21.1). Abduction of the arm can 
facilitate identification of the deltopectoral 
groove. The surgeon may opt to use a local anes-
thetic/epinephrine infiltration to facilitate hemo-
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stasis (1% lidocaine with 1:200,000 epinephrine 
is common).

The skin is incised; the first structure identi-
fied is the cephalic vein, which resides in the 
deltopectoral groove (Fig.  21.2). This is an 
important landmark to confirm that the dissec-
tion is proceeding in the proper location. The 
cephalic vein should be mobilized and preserved 
(i.e., for possible future free functioning muscle 
venous outflow) but can be safely ligated and 
transected if necessary. The interval between the 
deltoid and pectoralis muscle is identified and 
bluntly retracted to identify the clavipectoral 
fascia, the coracoid, and the pectoralis minor 
tendon (Fig. 21.3). This tendon can be identified 
as it inserts onto the coracoid process. The supe-
rior and inferior portions of the pectoralis minor 
tendon are identified, and the tendon is divided 
and tagged such that it can be repaired at the end 
of the surgery. If additional exposure is neces-
sary, the deltoid and pectoralis major muscles 

can be elevated off the clavicle (typically done 
in conjunction with a supraclavicular approach). 
Medial retraction of the divided pectoralis minor 
muscle will allow for identification of the cords 
of the brachial plexus. The lateral cord (formed 
from the anterior divisions of the upper and 
middle trunks, C5-C7) is typically the most 
anterior cord and should be the first cord to be 
identified (Fig.  21.4). A vessel loop is placed 
around the lateral cord and it is dissected dis-
tally. The surgeon may encounter the small lat-
eral pectoral nerve which branches off the lateral 
cord in this region. Further distally, the lateral 
cord divides into the musculocutaneous nerve 
(Fig. 21.5) and the lateral cord contribution to 
the median nerve. The lateral cord contribution 
to the median nerve is the sensory component 
and may have fibers to flexor carpi radialis and 
pronator teres. These two structures (the muscu-

Fig. 21.2 Cephalic vein in deltopectoral groove

Fig. 21.3 Pectoralis minor tendon

Fig. 21.4 Lateral cord of the brachial plexus (yellow ves-
sel loop) and axillary artery (red vessel loop)

Fig. 21.5 Lateral cord (proximal) with musculocutane-
ous nerve (distal)
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locutaneous nerve and the lateral cord contribu-
tion to the median nerve) comprise the lateral ½ 
of the “M” classically described infraclavicular 
plexus. If the patient is not paralyzed, and there 
is no nerve injury, handheld stimulation of the 
identified nerves can confirm their function. The 
musculocutaneous nerve is very important clini-
cally, as it provides biceps and brachialis func-
tion and is critical for elbow flexion. This nerve 
is a common recipient for nerve transfers to 
restore elbow flexion [1–4].

The lateral cord (named relative to its position 
in relation to the axillary artery) is then retracted 
laterally, and the axillary artery can be identified 
and looped medial to the lateral cord (Fig. 21.4). 
Care is taken to avoid compression, stretching, or 
violation of the axillary artery, and it is handled 
delicately throughout the surgery. During dissec-
tion, it may be necessary to ligate branches of the 
axillary artery [1–4].

Once the axillary artery has been identified 
and is looped, the surgeon can carefully and gen-
tly retract it (along with the lateral and medial 
cords) medially to identify the posterior cord 
which is also looped (Fig.  21.6). The posterior 
cord (formed from the posterior divisions of 
upper, middle, and lower trunks, C5-T1) is then 
traced distally, in a similar fashion to the lateral 
cord, to identify the radial nerve, axillary nerve, 
thoracodorsal nerve, and subscapular nerve 
(Fig. 21.7). The most clinically relevant compo-
nents of the posterior cord are the radial and axil-
lary nerves as these are commonly used in nerve 
transfer surgery. The axillary nerve is typically 

the most difficult to identify as it loops posteri-
orly deep in the axilla. The easiest way for the 
surgeon to identify this nerve is to trace the 
branches of the posterior cord along the axillary 
artery. With gentle traction of the axillary artery, 
a large posterior humeral circumflex branch can 
be identified. This branch loops posteriorly 
through the quadrangular space, and immediately 
superior to it lies the axillary artery. The axillary 
artery can be gently identified using a single 
looped finger above this artery. The surgeon may 
consider using a Doppler to help identify the pos-
terior circumflex humeral artery if needed. Once 
identified, the axillary nerve is looped, and gentle 
retraction will reveal its four branches. The four 
branches include the sensory branch (the smallest 
and most inferior branch), the teres minor branch, 
and the anterior and posterior axillary nerve 
branches. The axillary nerve proper is a common 
recipient for nerve transfers designed to reinner-
vate the deltoid muscle [1–4].

Fig. 21.6 Posterior cord of the brachial plexus (between 
lateral cord and axillary artery)

Fig. 21.7 Posterior cord with axillary and radial nerve 
branches (axillary artery removed)
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Medial to the axillary artery, the medial cord 
is identified and looped (Fig. 21.8). The medial 
cord (formed from the anterior division of the 
lower trunk, C8-T1) will give off the medial pec-
toral nerve and the medial brachial and ante-
brachial cutaneous nerves before terminating in 
the ulnar nerve and medial cord contribution to 
the median nerve. The medial pectoral nerve is 
clinically relevant as it can be used as a donor 
nerve for nerve transfer. There are several 
branches of this nerve that can be identified enter-
ing the undersurface of the pectoralis minor mus-
cle. These must be handled delicately as they are 
very small branches. If not paralyzed, nerve stim-
ulator can facilitate identification. The medial 
brachial and antebrachial cutaneous nerves can 
be used as nerve grafts if they are not functioning 
as sensory nerves. The medial antebrachial cuta-
neous nerve can be identified running along the 
basilic vein in the upper arm. The medial cord 
contribution to the median nerve is the motor 

component. The medial cord contribution to the 
median nerve and the ulnar nerve comprise the 
medial ½ of the medial component of the “M” 
formation. The median nerve (with contributions 
from both the lateral and medial cords) forms the 
center of the “M” (Fig. 21.9). This “M” configu-
ration is very helpful for the surgeon to identify 
the major components of the brachial plexus and 
give confidence that the dissection is progressing 
as planned [1–4].

If additional exposure is needed superiorly, 
the clavicle can be looped with an umbilical tape 
and gently retracted superiorly to identify the 
divisions of the brachial plexus, or extension of 
the incision parallel to the clavicle can be under-
taken as described in the supraclavicular explora-
tion chapter. After dissection and surgery is 
completed, the surgeon may opt to repair the pec-
toralis minor tendon before closing the skin.

The surgeon will undoubtedly discover ana-
tomic variations and this can confuse dissection. 
In the infraclavicular region, there are some com-
monly encountered variations. The thoracodorsal 
nerve, for example, can branch off of the axillary 
nerve rather than the posterior cord. The ulnar 
nerve can receive contribution from the lateral 
cord in some patients. The median nerve may 
receive more than one contribution from the lat-
eral cord or may receive a contribution from the 
posterior cord or the musculocutaneous nerve. 
On occasion, the lateral cord may receive 
 contribution from C7. Of course, the surgeon 
may encounter additional variations and needs to 
be consider this possibility if the dissection is not 

Fig. 21.8 Lateral, posterior, and medial cords of the bra-
chial plexus

Fig. 21.9 Lateral and medial cord contributions to the 
median nerve (with M-shape overlay)
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straightforward. With experience, patterns 
emerge, and the surgeon can confidently identify 
structures, even in the setting of variations.

 Complication Avoidance

Complication avoidance in brachial plexus sur-
gery begins with a thorough understanding of the 
anatomy and normal variants that may be encoun-
tered. Developing a normal anatomic plane dur-
ing repeat procedures is crucial in avoiding injury 
to the underlying nerves and vasculature. Use of 
intraoperative stimulation may also mitigate 
injury to important structures. We prefer to use a 
handheld stimulator which allows direct stimula-
tion of structures and may decrease the cost and 
user error associated with other forms of conven-
tional monitoring.

As with most procedures, meticulous dissec-
tion and hemostasis may help avoid vascular 
injury or the formation of a post-operative surgi-
cal site hematoma.
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Posterior Approach for Spinal 
Accessory to Suprascapular Nerve 
Transfer

Nikhil K. Murthy and Robert J. Spinner

 Rationale

The reconstruction of shoulder function is diffi-
cult because of the complexity of joint movement 
carried out by many different muscle groups. 
Typically, reconstructive efforts target only the 
deltoid, supraspinatus, and infraspinatus muscles 
that are critical in stabilization of the joint as well 
as abduction and external rotation [14]. The two 
spinati muscles are innervated by the suprascapu-
lar nerve with dysfunction of this nerve often 
being associated with upper brachial plexus inju-
ries. A common nerve transfer is the spinal acces-
sory nerve to the suprascapular nerve; this is 
performed when proximal reconstruction options 
are unavailable (such as in avulsion injuries) or 
when a nerve transfer is selected preferentially 
over nerve grafting. The spinal accessory nerve 
transfer to the suprascapular nerve can be accom-
plished from either anterior or posterior 
approaches. The anterior approach, first described 
by Lurje in 1948, is generally used at the time of 
brachial plexus exploration in cases of multiple 
nerve or pan-plexus disruption where an anterior 

approach would have already been used [5]. The 
posterior approach was first documented in the 
literature by Bahm et  al. in 2005 to address 
obstetric brachial plexus lesions in children who 
had recovery of other functions, but lacked clini-
cal improvement of shoulder abduction and 
external rotation [1]. An advantage of the poste-
rior approach would be decreasing the distance of 
the nerve transfer to the target muscle(s), but at 
the disadvantage of having fewer available axons 
in the terminal branch (1328 proximally versus 
817 axons terminally) [16]. The posterior 
approach has been recommended in cases of pre-
dicted double crush injury of the nerve such as 
with the possibility of compression at the supra-
scapular notch, as well as the concomitant need 
for axillary nerve reconstruction in a posterior 
approach. Some are favoring use of the distal 
nerve transfer to target the infraspinatus specifi-
cally, as it is hypothesized that the supraspinatus 
muscle preferentially takes the majority of axons 
during spinal accessory nerve to suprascapular 
nerve transfer [12, 17].

 Technique

The patient is placed prone with the upper back 
and ipsilateral arm prepped and draped. The spi-
nous processes of the thoracic spine, medial bor-
der of the scapula, and acromion are identified 
both visually and by palpation, and subsequently 
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marked. A point along the incision at 40% from 
the midline to the acromion along the superior 
border of the scapula is also marked to indicate 
the expected region of the distal spinal accessory 
nerve branches [3]. A midpoint between the acro-
mion and the superior angle of the scapula are 
also marked to indicate the expected region of the 
suprascapular notch (Fig. 22.1).

A transverse incision is made along the supe-
rior border of the scapula between the acromion 
and the thoracic spinous processes. Alternatively, 
two incisions can be used – a medial incision to 
first find the spinal accessory nerve and a second 
to find the suprascapular nerve (Fig.  22.2). 
Dissection is carried out through the subcutane-
ous layers, fat, and superficial fascia. The trape-
zius muscle is then encountered and split along 
its fibers to encounter the sub-trapezius deep fas-
cia. This deep fascia is then dissected to identify 
another layer of fat within which the distal spinal 
accessory nerve and branches are found. A nerve 
stimulator initially set at two milliamps is used 
within the area of the deep fascia and fat to iden-
tify trapezius muscle contraction and therefore 

identify the areas of distal spinal accessory nerve 
branches.

Attention is then given to finding the supra-
scapular notch, which is expected to be midpoint 
between the medial border of the scapula and the 
acromion, along the superior border of the scap-
ula (the coracoid anteriorly is a good landmark 
for the notch). The medial aspect of the notch is 
identified through further blunt soft tissue dissec-
tion with a Kittner, as to avoid the more laterally 
and superficially located suprascapular vessels. 
The suprascapular nerve is expected to be deep to 
the superior transverse scapular ligament (which 
effectively makes the notch into a foramen). This 
suprascapular ligament is cut on its medial aspect, 
and further soft tissue dissection is done to iden-
tify the suprascapular nerve (Fig. 22.3).

The donor distal spinal accessory nerve 
branch is identified and confirmed with the use 
of a nerve stimulator. Sufficient length of the 
donor nerve is dissected distally to reach the 
recipient suprascapular nerve without tension. 
Direct end to end neurorrhaphy with standard 
microsurgical technique is performed.

a b

Fig. 22.1 (a) Illustration of arc of rotation of distal spinal 
accessory nerve when estimating sufficient length for 
transfer to suprascapular nerve. (b) Incisions for extended 

spinal accessory nerve harvest with identification of distal 
and more proximal portions of the nerve

N. K. Murthy and R. J. Spinner



263

 Outcomes

Overall, the spinal accessory to suprascapular 
nerve transfer is beneficial in improving shoulder 
motion in both adults and pediatric patients using 
anterior or posterior approaches; however, the 
outcomes may be overestimated and suboptimal 
[6, 7]. Bertelli et al. reported that up to 95% of 
patients achieved at least 30 degrees of shoulder 
abduction in patients with an average age of 26 
years old [2]. Malessy et al. reported electromyo-
graphic reinnervation of the supraspinatus in 
85% of patients and infraspinatus reinnervation 
in 70% of patients. For strength testing, MRC of 
grade 3 or 4 for supraspinatus and infraspinatus 
occurred in 24% and 14% of patients, respec-
tively [6]. From an anterior approach, 76% of 

patients were able to have direct coaptation of the 
spinal accessory to suprascapular nerve. Of these 
patients with direct coaptation, only 25% were 
able to achieve 60 to 90 degrees of total func-
tional abduction (suprascapular nerve innervated 
function plus thoracoscapular rotation) [6]. In 
pediatric cases, anterior and posterior approaches 
both show some improvements in functional out-
comes, although no difference in outcome 
between approaches was reported [11]. Patients 
without sufficient shoulder external rotation, who 
have otherwise recovered spontaneously, are rec-
ommended to undergo spinal accessory nerve to 
suprascapular nerve transfer even in a delayed 
fashion [15]. However, with an anterior approach 
in these patients, there is risk of losing previous 
gains in supraspinatus shoulder abduction, 

a b

c

Fig. 22.2 (a) Positioning and marking for posterior 
approach for distal spinal accessory nerve to suprascapu-
lar nerve transfer. Two smaller incisions used in this pedi-
atric patient. Solid arrow indicating region in which spinal 
accessory nerve will be found. Dashed arrow indication 

incision for identification of suprascapular nerve. (b) 
Initial incision made to dissect and identify distal spinal 
accessory nerve. (c) Distal spinal accessory nerve after 
circumferential dissection
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whereas a posterior approach can offer the 
 potential of saving this function if done distally 
enough on the suprascapular nerve [12].

The literature is overall mixed as to differ-
ences in outcomes between anterior and posterior 
approaches, although all studies show that the 
posterior approach is at least equivalent or possi-
bly superior to the anterior approach for specific 
functional outcomes relating to shoulder func-
tion. Electromyographic outcomes were shown 
to be similar in infraspinatus recovery between 
approaches [10]. Guan et al. found that a poste-
rior approach was associated with earlier 
improvement in shoulder abduction and greater 
degrees of shoulder abduction than the anterior 
approach, while preserving upper trapezius func-
tion [4]. Souza et al. found no difference in the 
improvement of shoulder abduction, but better 
results in external arm rotation using a posterior 
approach compared to the anterior approach [13]. 

While unclear if either approach is better, the 
benefits of the posterior approach may be related 
to the nerves being coapted closer to target mus-
cles, as well as addressing the possibility of dou-
ble injury at the level of the suprascapular notch 
as reported in the literature [8, 9].

In summary, both approaches can improve 
shoulder function. Each has advantages and dis-
advantages, but outcomes thus far are similar. 
The anterior approach has been used in cases of 
multi-nerve reconstruction as part of a supracla-
vicular brachial plexus exploration. A distal 
injury to the suprascapular nerve at the notch 
may be missed. If needed, even a posterior 
approach for the triceps branch transfer to the 
anterior division of the axillary nerve can still be 
done by adducting the arm. The posterior 
approach can be done if nerve transfers to shoul-
der targets are being performed without brachial 
plexus exploration or at a separate posterior 

a

c d

b

Fig. 22.3 (a) Exposure of suprascapular nerve at trans-
verse scapular ligament. (b) Release of transverse scapu-
lar ligament. (c) Appearance of suprascapular nerve after 
release of ligament. (d) Completed transfer of distal spinal 

accessory nerve to suprascapular nerve. Suprascapular 
nerve indicated by asterisk. Transverse scapular ligament 
indicated by star
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stage – e.g., for spinal accessory to suprascapu-
lar nerve transfer by itself or in combination with 
triceps branch to axillary nerve transfer. 
Performing the spinal accessory nerve transfer 
posteriorly in a prone position is more anatomic 
than doing this procedure in a lateral decubitus 
position.
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 Surgical Approach for Axillary 
Nerve (Posterior)

Lurje [1] was the first in the English literature 
who describe the technique of using the triceps 
fascicles of the radial nerve transfer to the axil-
lary nerve without nerve grafting in a patient with 
Erb’s palsy. Nath and Mackinnon subsequently 
reported using Lurje’s technique in five patients 
with satisfactory results [2]. In 2003, we reported 
nerve transfer to the anterior branch of the axil-
lary nerve using the nerve to the long head of tri-
ceps [3, 4].

 Relevant Anatomy

The axillary nerve is the terminal branch of the 
posterior cord of the brachial plexus. It usually 
carries the nerve fibers from C5 and C6. The axil-
lary nerve travels through the quadrangular space 
along with the posterior circumflex humeral 
artery and vein. At this level, it typically divides 
into two main branches: the anterior branches 
(which may have up to three separate branches) 
and one posterior branch. The posterior branch is 
located more superficially than the anterior 
branch and divides into the superior lateral cuta-

neous nerve of arm and a branch to the posterior 
part of deltoid muscle. The posterior branch also 
provides branches that supply the teres minor.

The anterior branch of the axillary nerve 
ascends around the surgical neck of the humerus 
before supplying the anterior and middle parts of 
the deltoid muscle. Our cadaveric study demon-
strated that in most cases (91.5%) the anterior 
branch of the axillary nerve also supplies the pos-
terior part of the deltoid [5]. Therefore, nerve 
transfer to the anterior branch of the axillary 
nerve will restore not only the anterior and mid-
dle parts but also the posterior part of the deltoid 
in most cases. Crouch et  al. demonstrated that 
even if the posterior part of the deltoid muscle 
was not reinnervated, other muscles crossing the 
shoulder such as the middle part of the deltoid 
and the latissimus dorsi could compensate in 
shoulder extension which is provided by the pos-
terior part of the deltoid. They concluded that the 
reconstruction of the anterior branch of the axil-
lary nerve only is an appropriate technique for 
restoring shoulder abduction after isolated axil-
lary nerve injury [6].

We deliberately avoid doing nerve transfer to 
the posterior branch of the axillary nerve so that 
no axons are wasted on the superior lateral cuta-
neous nerve or the teres minor. The teres minor is 
not only an external rotator of the shoulder but 
also a strong shoulder adductor which is antago-
nist to the desired functional restoration. We 
believe that shoulder external rotation in patients 
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treated with combined nerve transfer is restored 
partly from the transfer to suprascapular nerve 
which reanimates the infraspinatus and partly 
from the reinnervation of the posterior part of the 
deltoid muscle.

At the triangle interval in the posterior arm 
(defined by the teres major, the lateral head, and 
the long head of triceps), the radial nerve gives 
branches to the triceps muscle. The first branch is 
the nerve to the long head of triceps which is 
given off about 1  cm proximal to the inferior 
edge of the teres major. The second branch is 
more variable and may go to the upper medial 
head (38%), the medial head (10.1%), the upper 
lateral head (44.3%), or the lateral head of triceps 
(7.6%) [7]. Subsequently, the nerve to the lateral 
head of the triceps and the nerve to the medial 
head of the triceps have been promoted as the 
donor nerve [8–11]. We prefer the nerve to the 
long head of the triceps because of its constant 
branching point, proximity to the recipient, and 
the similar diameter offering the best size match 
to the recipient nerve [7].

In addition, if the nerve to the long head of the 
triceps was sacrificed, the functional loss would 
be minimal as it plays the least important role in 
elbow extension and could easily be compen-
sated for by the remaining two heads of the 
triceps.

 Preoperative Planning

Triceps muscle power has to be at least M4. Good 
passive range of motion of the shoulder is 
essential.

 Preparation and Patient Positioning

The patient is placed in the supine position with 
the sandbag beneath the scapula of the affected 
upper extremity. The affected arm is placed 
across the chest thus exposing the posterior 
aspect of the shoulder.

 Surgical Approach and Procedure

A curved incision is made along the posterior 
border of the deltoid (Fig. 23.1). As the deltoid is 
atrophic, the posterior border can be elevated eas-
ily without having to detach its origin from the 
scapular spine. The interval between the long and 
the lateral heads of the triceps is then developed 
to expose the quadrilateral space and the triangu-
lar interval. The teres major is the key structure, 
which divides the quadrilateral space from the 
triangular interval. Next, the radial nerve at the 
triangular interval is isolated, and the first branch 
of the nerve, which usually comes off at about 
1 cm proximal to the inferior edge of teres major, 
is identified as the nerve to the long head of the 
triceps (Fig. 23.2). The axillary nerve is accom-
panied by the posterior circumflex humeral artery 
and vein within the quadrilateral space. After 

Fig. 23.1 Surgical incision along the border of the poste-
rior deltoid proximally and mid posterior of the left arm 
distally
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emerging from the space, the axillary nerve gives 
a branch to the teres minor and then divides into 
one to three anterior branch(es) and one posterior 
branch (Fig. 23.3). The anterior branches, which 
are the major motor branches to the deltoid mus-
cle, are dissected free as proximally as possible. 
Electrical stimulation of the identified nerves is 
used to confirm paralysis of the deltoid and 
strong contraction of the triceps. The nerve to 
the long head of the triceps (donor) is cut as dis-
tally as possible just before it enters the muscle 
and flipped 180° to coapt to the anterior branch 
of the axillary nerve (recipient) which is tran-
sected as proximally as possible. In our experi-
ence, this always provides sufficient length for a 
tension- free and direct neurorrhaphy with 9-0 
nylon sutures with the aid of the operating 
microscope (Figs.  23.4 and 23.5). The site of 
nerve transfer was reinforced with fibrin glue 
(Tisseel, Baxter Inc.). A technical tip to increase 

mobility of the donor nerve, though rarely 
required, is to incise the inferior edge of teres 
major for approximately 1 cm.

Fig. 23.2 Intraoperative view of radial nerve at triangular 
interval below the inferior edge of the teres major muscle 
(black arrow). Nerve to long head of triceps (yellow loop), 
to lateral head of triceps (white loop) and to medial head 
of triceps (blue loop)

Fig. 23.3 Intraoperative view of the anterior branch (red 
loop) and the posterior branch of the axillary nerve. The 
posterior branch is more superficial and smaller than the 
anterior branch and divided into branch to posterior del-
toid muscle (lower white loop) and superolateral cutane-
ous nerve of the arm (blue loop)

Fig. 23.4 Intraoperative view of the transfer to the ante-
rior branch of the axillary nerve from the nerve to the long 
head of triceps
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 Postoperative Care 
and Rehabilitation

The patient’s arm is placed in a sling for 3 weeks. 
Gentle passive mobilization is then performed to 
prevent joint stiffness starting with pendulum 
exercise and then progressing to passive full 
range of shoulder motion in all directions. No 
specific motor re-education is necessary.

 Clinical Results

In our first series of seven patients, who had dual 
nerve transfers of SAN to SSN and the branch to 
long head of the triceps of radial nerve to the 
anterior branch of axillary nerve, all patients 
achieved M4 deltoid function with mean abduc-

tion of 124° [4]. Bertelli and Ghizoni reported 
their results of dual nerve transfers in 10 patients 
with C5 and C5-C6 injuries [10]. Three patients 
achieved M4 and seven patients achieved M3 
shoulder abduction. The mean abduction was 92° 
and the mean external rotation was 93° (from full 
internal rotation). In 2006, we reported another 
series of 15 patients with C5 and C6 injuries. 
Thirteen patients achieved M4 deltoid function 
and two patients regained M3. The mean  shoulder 
abduction was 115° and the mean external rota-
tion was 97° [12].

A recent review of 21 patients with an isolated 
axillary nerve injury treated with a nerve to the 
long head of triceps transfer resulted in 16 
patients who obtained M3 or greater recovery of 
deltoid muscle strength [13].
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Fig. 23.5 The right shoulder from the posterior aspect. 
Nerve transfer to the anterior branch of the axillary nerve 
using the nerve to the long head of the triceps. (1) The 
nerve to the long head of the triceps, (2) the anterior 
branch of the axillary nerve, (3) the posterior branch of the 
axillary nerve, (4) teres minor muscle, (5) teres major 
muscle, (6) the long head of the triceps, (7) the lateral 
head of the triceps, and (8) deltoid muscle (cut)
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 Principles

Blunt trauma to the shoulder, dislocation of the 
glenohumeral joint, and shoulder surgeries have 
been suggested as a frequent etiology for an iso-
lated axillary nerve injury [1–5]. They can occur 
in 6% of all brachial plexus injuries [1, 6]. 
Shoulder function is compromised following 
axillary nerve injury. The most common com-
plaints are limitations in active shoulder range of 
motion, weakness, and deltoid atrophy 
(Fig. 24.1). Tenderness and a positive Tinel’s sign 
can be helpful if noted but are not always present 
at the site of injury which is typically at the infra-
clavicular region or the quadrilateral space. The 

nerve injury can be minor and may recover spon-
taneously [7], or it can be severe requiring nerve 
reconstruction. Nerve grafting is still considered 
the gold standard with good results [8].

Posterior cord injuries are not common [9] 
and present with the axillary nerve and the radial 
nerve dysfunction. A few reports of this injury 
type have been published. The posterior cord 
injuries are usually associated with high energy 
trauma and with another associated cord or nerve 
injuries (i.e., musculocutaneous nerve).

In upper brachial plexus injury with C5 and 
C6 injury, there are paralysis of shoulder abduc-
tion and external rotation, elbow flexion, and 
forearm supination. In this situation many authors 
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have reported good results with the use of nerve 
transfers after an irreparable upper brachial 
plexus injury (i.e., avulsions); however nerve 
grafting of viable nerve roots remain a good 
option for restoration of axillary nerve function 
[10–12].

 History

In 1911 Adolf Stoffel described the anterior axil-
lary approach to perform a triceps nerve fascicles 
transfer into the axillary nerve (Fig. 24.2) [13]. 
This procedure was later used by Lurje in 1948 to 
reconstruct a patient with Erb’s palsy with good 
reported results [14]. The anterior deltopectoral 
approach has been used for exploration and 
reconstruction of the posterior cords and axillary 
nerves with nerve grafts and nerve transfers [15]. 
Borrero published a technique using a small ante-
rior infraclavicular incision to expose the proxi-

Fig. 24.1 Deltoid atrophy demonstrated in a patient with 
an isolated axillary nerve injury

Fig. 24.2 Original description of the transfer of triceps 
branch to axillary nerve in 1911 by Adolf Stoffel. Top left: 
Nerve fibers of the triceps branches are identified and dis-

sected. Top right: The axillary nerve is identified, and the 
triceps branches are mobilized and divided distally. Bottom: 
The triceps branches are implanted into the axillary nerve
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mal segment of the axillary nerve [16] as an 
alternative to the deltopectoral incision.

Leechavengvongs published in 2003 a poste-
rior approach where the triceps long head branch 
was transferred to the anterior division of the 
axillary nerve [17–19]. This technique has 
become quite popular in the past several years. 
In 2004 Bertelli published a posterior approach 
and recommended to include the branch of the 
teres minor muscle to improve the shoulder 
external rotation [20], and in 2006, Mackinnon 
described a posterior approach and similar to 
Bertelli recommended including the branch of 
the teres minor muscle [21]. In 2007 Bertelli 
reported an anterior axillary approach that gives 
a direct visualization of the axillary nerve and 
major vessels [22]. In this approach, the triceps 
to axillary nerve transfer could be performed, 
and there was direct access to other potential 
donor nerves such as the thoracodorsal nerve, 
the medial pectorals nerve, and the intercostal 
nerves [22, 23].

 Clinical Evaluation

The history is important in planning the treat-
ment of patients who may have an axillary nerve 
injury. The initial physical exam should include 
not only active and passive range of motion, 
abduction, internal and external rotation, strength, 
swelling, and but also a complete neurologic 
examination of the extremity. Even with a history 
of shoulder anterior dislocation, trauma, or shoul-
der surgery, a young athletic patient may be able 
to compensate for complete deltoid paralysis and 
can often perform activities of daily living with 
limited disability (Fig. 24.3). There are specific 
physical exam tests to evaluate the posterior del-
toid (Fig. 24.4) [24]. The abduction-in-internal- 
rotation test is also useful to isolate the deltoid 
[25]. In posterior cord injuries, the axillary nerve 
and the radial nerve are typically affected; how-
ever other lateral or medial cord nerves can be 
affected as well. If pain precedes the loss of 
motor function, the diagnosis may be a brachial 
neuritis (i.e., Parsonage-Turner syndrome). 
Upper trunk brachial plexus injury will result in 

paralysis of shoulder abduction and external rota-
tion, elbow flexion, and forearm supination [26, 
27]. Osseous injuries should be ruled out with 
radiographs. An EMG 3 weeks after injury and 
repeated at 10 or 12 weeks is recommended if no 
clinical improvement occur.

If there is no reinnervation by 12  weeks, 
exploration with reconstruction should be con-
sidered [5].

 Surgical Anatomy

The axillary nerve is a branch from the posterior 
cord of the brachial plexus (Fig. 24.5), with con-
tributions from C5 and C6 roots (Fig.  24.6). It 

Fig. 24.3 Patients with isolated axillary nerve injury can 
have full range of motion secondary to strong rotator cuff 
function. A careful exam needs to be performed to evalu-
ated the deltoid. This patient demonstrates full abduction 
with an axillary nerve injury
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Fig. 24.4 Deltoid 
extension lag or swallow 
tail test is demonstrated. 
The lag of full extension 
is helpful to identify 
posterior deltoid 
weakness
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Fig. 24.5 Posterior 
cord branches with their 
respective labels in a 
fresh cadaver specimen
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arises medial and inferior to the coracoid process 
[28–30] and contains approximately 6700 nerve 
fibers [31]. There are three segments of the poste-
rior cord (Fig.  24.7) [32]. The first is from the 
posterior cord to the subscapularis muscle, and at 
this level there is only one nerve trunk and usu-
ally without nerve branches, but occasionally the 
inferior subscapular nerve comes from this seg-
ment (Fig. 24.8); the second segment is anterior 
to the subscapular muscle, and at this level the 
nerve fasciculi begin to form two groups, the lat-

eral and the medial fasciculi groups that are sepa-
rated only by a loose perineurium [33]. Finally, 
the third segment is at the inferior border of the 
subscapular muscle and is the axillary nerve. At 
this level the axillary nerve has an anterior branch 
and posterior branch, which are a continuation of 
the lateral and medial fasciculi groups, respec-
tively, at the quadrangular space. The motor 
branch is deep, and the branch to the teres minor 
and the sensory branch are superficial. The ante-
rior branch contains all the fibers that innervate 
the anterior and middle deltoid muscle, and in 
91.5% of cases it will also innervate the posterior 
deltoid (Fig. 24.9) [34, 35]. The posterior branch 

C5
C6

C7
C8

T1

AN

Fig. 24.6 C5 and C6 root contribution to axillary nerve

Fig. 24.7 Axillary nerve provides innervation to the del-
toid, teres major and minor, as well as sensory innervation 
to the skin. PC posterior cord, RN radial nerve, TM teres 
major muscle, Tm teres minor muscle, Sn sensory branch, 
PD posterior deltoid, MD middle deltoid, AD anterior 
deltoid

Fig. 24.8 The radial nerve demonstrated in a cadaver 
specimen. (RN radial nerve, AN axillary nerve, TLHM 
triceps long head muscle)

Fig. 24.9 The axillary nerve portion to the deltoid 
includes the anterior branch and posterior branch (AB 
anterior branch (green), PB posterior branch (yellow))
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divides into the superior lateral brachial cutane-
ous nerve, the posterior deltoid, and the teres 
minor motor branch. The axillary nerve has an 
intimate relation with the inferior aspect of the 
glenoid and shoulder joint capsule. A surgical 
blind zone of the axillary nerve has been 
described, a 1.6 cm segment of the nerve anterior 
to the quadrilateral space in direct proximity to 
the glenohumeral joint [36,37]. The teres minor 
motor branch consistently reached the teres 
minor muscle by its anterior and medial surface 
(Fig. 24.10) [22].

The radial nerve gives branch to innervate all 
three heads of the triceps brachii, the first and lower 
branch is the nerve to the long head of triceps 
(Fig. 24.11), the second branch goes to the medial 
head of the triceps, and the last and more superior 

goes to the lateral head of the triceps. Each of the 
triceps motor branch might be considered a donor 
for transfer to the axillary nerve; because of their 
proximal origin in the axilla, the triceps long head 
and the upper branch to the medial head are ideal 
nerves to be transferred to the axillary nerve by an 
anterior axillary approach [23].

 Surgery

With the patient in supine position under general 
anesthesia, with the arm abducted and externally 
rotated, an “L” shape (Fig. 24.12) is used that fol-
lows the axillary crease from the pectoral major 
inferior border to the latissimus tendon. 
Dissection starts in the lower segment of the inci-
sion at the medial border of the latissimus dorsi 
tendon to the humeral tendon insertion at the lat-
eral border of the subscapularis muscle. The axil-
lary nerve runs inferior of the humeral head along 
with the posterior humeral circumflex artery. A 
retractor is placed at the medial border of the 
latissimus dorsi and teres major muscles to 
expose the axillary nerve branches at the entrance 
of the quadrangular space. The branch of the 
anterior deltoid and the teres minor motor branch 
are dissected as far proximal as possible. The 
nerve is divided and turned distally. The radial 
nerve and the triceps long head motor branch can 
be found inferior to the latissimus dorsi tendon. 
The triceps long head branch divides in two 
branches to reach the triceps muscle (Fig. 24.13). 

Fig. 24.10 The nerve to the teres minor is shown as a 
branch of the posterior branch of the axillary nerve (TmN 
teres minor nerve)

Fig. 24.11 Cadaver dissection illustration of the ele-
ments of the posterior cord. (PC posterior cord, RN radial 
nerve, AN axillary nerve)

Fig. 24.12 Anterior approach to axillary nerve  – skin 
incision
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At this level it is stimulated to verify triceps 
strength, then divided distally, and coapted to the 
anterior axillary nerve branch and teres minor 
branch tension free under magnification using 
9-0 nylon (Fig. 24.14). Intraoperative full passive 
shoulder range of motion is confirmed to verify a 
tension free repair.

 Postoperative

Following upper extremity nerve reconstruction, 
a shoulder sling is applied for 2 weeks followed 
by full passive range of motion in a rehabilitation 
program.

Motor re-education following nerve transfer is 
similar to the strategies used after tendon trans-

fers, and generally synergistic muscle actions are 
easier to recruit and re-learn.

Reinnervated muscles will be weaker and 
fatigue more quickly compared with uninjured 
muscles. Frequent short exercise sessions are 
optimal to have then best possible outcome. A 
patient with an upper brachial plexus injury pre-
operative (Fig. 24.15) and 18 months postopera-
tive after two nerve transfers for shoulder function 
(Figs. 24.16 and 24.17), and two for elbow flex-
ion, is an example of an excellent outcome.

 Discussion

Although the first report of axillary nerve transfer 
was reported in 1911 [38], the last two decades 
have witnessed new approach and a better under-
standing of shoulder nerve anatomy [26, 32, 33, 
36–39], biomechanics [40], and surgery [11, 12, 
17–20]. Isolated axillary nerve injury can com-
promise shoulder function, and fortunately most 
of these injuries will recovered spontaneously 
(85%). The most common indication for surgery 
is to improve shoulder abduction and forward 
flexion. In isolated axillary nerve injuries, the 
nerve might be injured at the level of the pectoral 
minor muscle or lower pectoral major inferior 
border or at the quadrilateral space (Fig. 24.18). 

Fig. 24.13 The posterior cord and axillary nerve are 
identified in preparation for nerve transfer (AN axillary 
nerve, TLHNB triceps long head nerve branch)

Fig. 24.14 The triceps long head branch is transferred to 
the anterior axillary nerve branch as well as to the nerve to 
the teres minor. (ANab axillary nerve anterior branch, SB 
sensory branch, TmN teres minor nerve, TLHN triceps 
long head nerve)

Fig. 24.15 Preoperative upper brachial plexus injury 
with axillary nerve injury
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If a healthy distal stump should be found at the 
level of the injury, a nerve graft should be consid-
ered if prior to 6–8 months from injury [2, 3, 8, 
11, 12]. While shoulder nerve transfers have 
become an accepted and popular method for 
treatment [17, 19, 20], there has been controversy 
regarding the ideal donor and recipient branches 
(i.e., inclusion of teres minor branch).

Different approaches have been described to 
repair the axillary nerve: anterior axillary, delto-
pectoral, posterior, anterior infraclavicular, and 
combined anterior/posterior approaches. 

Recently, Zhao et al. studied the applied anatomy 
of the axillary nerve for selective neurotization of 
the axillary nerve and recommended the axillary 
approach for transfer triceps branch to the axil-
lary nerve [33]. Some surgeons have diminished 
the importance of teres minor in external rotation 
and have recommended against teres minor rein-
nervation, as they believe the teres minor to be a 
shoulder adductor [17–19]. The posterior deltoid 
and teres minor have biphasic function and func-
tion as either an abductor or adductor depending 
on the humeral position [38]. The teres minor is 
an adductor in early-mid abduction and an abduc-
tor beyond 45 degrees of abduction [39–41]) with 
a mean maximum abduction moment arm at 
abduction angle greater than 60 degrees. The 
teres minor is one of the four rotator cuff muscles 
and has the lowest profile. It contributes to 20% 
of normal external rotation strength [41], and its 
function may become more important with large 
tears of the infraspinatus or when the infraspina-
tus is weak. A compensatory hypertrophy of the 
teres minor occurs to augment or assist with 
external rotation strength [42].

An argument against the teres minor reinnerva-
tion is that there are not enough axons in the tri-
ceps long head to reinnervate both the anterior 
deltoid branch and teres minor motor branch. The 
optimal donor to recipient nerve axon count radio 
for restoring function is controversial. Animal 
studies of partial nerve sectioning suggest that as 

Fig. 24.16 Postoperative full abduction after anterior tri-
ceps branch transfer to the anterior axillary branch and 
teres minor

Fig. 24.17 Postoperative full shoulder external rotation 
in abduction through a spinal accessory to suprascapular 
nerve transfer

Fig. 24.18 Drawing of course of axillary nerve: AN axil-
lary nerve, Pm pectoral minor muscle, LDt latissimus 
dorsi tendon, QS quadrangular space
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few as 20% of remaining motor units can provide 
suitable contractility and less than 50% of the 
axons will result in a poor functional result [43]. 
The main axillary nerve has 7887 axons, the ante-
rior branch has 4052 axons, the posterior branch 
has 1242 axons, and the teres minor branch has 
1242 axons. Donor nerves: the long head of triceps 
has 2302 axons, medial head of triceps has 2198 
axons, and lateral head of triceps has 1462 axons 
[44].

Thus the anterior axillary branch and teres 
minor muscle branch have a combined 5300 
axons. The long head of triceps branch has 2300 
axons or 43% of axons. If a portion of the medial 
head of triceps can be used, there may be enough 
axons to have greater than 50% [45].

Timing of surgery is also important. Early 
repair generally results in improved clinical out-
come from timely reinnervation of motor end-
plates compared to late reconstruction. Younger 
patients have greater regeneration capacity and 
better outcome compared with the elderly.

Restoration of shoulder stability, abduction, 
and external rotation are as important as elbow 
flexion. In a posterior cord nerve injury and upper 
trunk brachial plexus injury, there is the added 
challenge of needing longer nerve grafts, which 
may lead to poorer functional recovery secondary 
to the distance from the reconstruction site and 
the motor endplate. Nerve transfers have gained 
popularity for reducing the reinnervation time as 
well as injury zone. Despite this, we prefer to 
perform a brachial plexus exploration and nerve 
graft reconstruction when feasible. When not fea-
sible, double nerve transfers for shoulder reinner-
vation (spinal accessory nerve to suprascapular 
nerve, and the triceps long head and/or the upper 
medial head motor branch to the anterior axillary 
branch and the branch to the teres minor muscle) 
are performed for shoulder reconstruction.

A wide variety of donor nerves have been used 
to reinnervate the axillary nerve (spinal accessory 
nerve, phrenic nerve, thoracodorsal nerve, medial 
pectoral nerve, triceps branch, IC nerves, median 
nerve, ulnar nerve, and also the contralateral C7), 
and these transfers can be performed through an 
anterior axillary approach [46, 47].

 Conclusion

After an isolated axillary nerve injury, shoulder 
function can be severely compromised, with del-
toid and teres minor muscle palsy. Several con-
siderations should be taken when planning to do 
an axillary nerve reconstruction, nerve grafting is 
considered the standard of care with good results, 
and an attractive alternative can be a nerve trans-
fer. Our preference is to reinnervate the axillary 
nerve by means of the long head of the triceps or 
the medial head of triceps to the anterior axillary 
and teres minor motor branch, using the anterior 
axillary approach.
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Upper Brachium Approach: 
The “Ulnar-Biceps  
Median- Brachialis”  
Double Nerve Transfer

Zoubir Belkheyar, Adeline Cambon-Binder, 
and Christophe Oberlin

 Principles

The goal is to reinnervate the two most powerful 
elbow flexors using regional donor nerves [1, 2]. 
To shorten the function recovery, the distance 
between elbow flexors motor endplates and 
regional donor motor branches has to be as short 
as possible. Oberlin first described the technique 
of nerve transfer from one fascicule of the ulnar 
nerve to the biceps motor branch in 1994 [1], 
then added a transfer of one fascicule of the 
median nerve to the motor branch of the brachia-
lis muscle [3], with better results in term of elbow 
flexion strength [4, 5].

Briefly, branches of division of the musculo-
cutaneous nerve are neurotized by selected fas-
ciculi of respectively the median and the ulnar 
nerves at the level of the arm (Fig. 25.1). Donor 
branches should be redundant motor branches for 
wrist flexion or forearm pronation, avoiding 
branches for intrinsic muscles of the hand and 
finger flexors. Finally, the two nerve sutures have 
to be tensionless.
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Fig. 25.1 Principle of the “Ulnar-Biceps Median- 
Brachialis” double transfer. Bi, biceps brachii; Bra, bra-
chialis; MC, musculocutaneous nerve; M, median nerve; 
U, ulnar nerve
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Provided all these precautions are observed, 
the outcomes of this double nerve transfer are 
satisfactory [4] (Fig. 25.2).

 Operative Technique

The patient is supine under general anesthesia 
with an arm table. The entire affected limb is 
included in the operative field.

Incision is on the anteromedial aspect of the 
proximal half of the arm. It descends 8–10  cm 
from the lower edge of the pectoralis major ten-
don along the bicipital sulcus. The skin, subcuta-

neous fat, and fascia of the biceps muscle are 
open to retract the biceps muscle and expose the 
musculocutaneous nerve (MCN). The MCN lies 
between the bellies of the biceps muscle and bra-
chialis muscle and is dissected from proximal to 
distal in order to identify its main terminal 
branches (Fig.  25.3). In most of patients those 
branches involve one (or two) for the biceps mus-
cle, one for the brachialis muscle, and the lateral 
cutaneous antebrachial nerve [6]. In case of sev-
eral motor branches for the same muscle, dissec-
tion is continued proximally to a common trunk. 
Motor branches for the biceps exit from the MCN 
between 37% and 52% of the arm length, defined 

a

c d

b

Fig. 25.2 Traumatic avulsion of C5 and C6 brachial 
plexus roots in a 32-year-old man: medullar resonance 
magnetic imaging showing pseudomeningoceles (a); peri-
operative view of the Ulnar-Biceps (yellow arrow) 
Median-Brachialis (blue arrow) double nerve transfer (b); 

outcome 18  months postoperatively with elbow flexion 
strength score of M4 (c, d). UN ulnar nerve, MN median 
nerve, Bi N biceps brachii nerve branch, Bra N Brachialis 
nerve branch
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by distance between the coracoid process and the 
tip of the lateral epicondyle [6]. For the brachialis 
muscle, branches arose from 52% to 62% of the 
arm length.

The two identified main motor branches are 
then stimulated to confirm paralysis, with the 
nerve stimulator used by anesthesiologist col-
leagues to perform motor loco-regional anesthe-
sia. Branches are separated proximally from the 
musculocutaneous nerve by approximately 2 cm 
before being sectioned. This dissection is con-
ducted under microscope with microsurgical 
instruments.

The medial intermuscular septum of the arm is 
then opened to identify the ulnar nerve at the 
level of the biceps motor branch. The epineurium 
of the ulnar nerve is incised, and intraneural dis-
section is performed to isolate a motor fascicle of 
similar diameter to the biceps motor branch. 
Neurostimulator helps to select a motor branch 
supplying the flexor carpi ulnaris, which is fre-
quently located on the anterolateral side of the 
ulnar nerve. Branches for intrinsic muscles of the 
hand should be avoided. Sufficient residual ulnar 
nerve function is verified via stimulation of the 
remaining fascicules. The chosen fascicle is then 
dissected distally for 2  cm, divided and turned 
laterally.

Internal neurolysis of the median nerve is per-
formed as well at the level of the motor branch of 
the musculocutaneous nerve for the brachialis 
muscle in order to isolate a motor fascicle of sim-
ilar diameter, dedicated to the pronator teres mus-
cle and/or to the palmaris longus muscle.

In rare cases, a communication between the 
MCN and the median nerve occurs. The princi-
ples of the technique are preserved: nerve stimu-
lation should help to identify donor fascicules 
and recipient motor branches.

Once the ulnar and medial fascicles had 
been proximally dissected approximately 2 cm 
and distally cut, direct ulnar-biceps and 
medial- brachial (so-called “UB-MB”) trans-
fers were performed. Nerve sutures are per-
formed without tension using simple 
epiperineural stitches of single- strand non-
absorbable 9.0 suture (Ethilon, Ethicon, 
Somerville, NJ, USA) and coadapted with bio-
logical fibrin-based glue (Tisseel ™, Baxter, 
Deerfield, IL, USA).

Postoperatively, the shoulder is splinted in 
abduction with the elbow in flexion at 90° for 
6 weeks, when rehabilitation begins.
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Intercostal Nerve Harvest 
in Brachial Plexus Injuries
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Surgical treatment for closed traction injuries of 
the brachial plexus has been established over the 
past several decades. A large majority of these 
lesions affect the supraclavicular elements of the 
brachial plexus (roots, trunks, and divisions). 
Root avulsions are frequently seen. The tech-
niques of nerve reconstruction have changed over 
the past few decades. The pioneering efforts of 
Millesi, Narakas, and their associates brought 

confidence in restoration of function in the para-
lyzed upper limbs following nerve grafting from 
ruptured root stumps. With root avulsions, alter-
natives to nerve grafting are necessary, and nerve 
transfers were developed and designed. 
Intercostal nerves are typically spared (apart 
from associated rib fractures) and are, hence, 
available for transfer to suitable target nerves in 
the paralyzed arm. Since the initial report by 
Seddon [1], who cited three cases operated upon 
by Yeoman using intercostals bridged by ulnar 
nerve grafts to the musculocutaneous nerve, this 
transfer has been popularized worldwide. 
Currently, in root avulsion scenarios where there 
is no available intraplexual nerve transfer to 
restore biceps function, direct nerve transfer of 
several intercostal motor nerves to the musculo-
cutaneous nerve is a potential option to restore 
elbow flexion [2].

 Technique of Harvest

Incision Harvest of third to the sixth intercostal 
nerves is possible through an incision from the 
lower border of the pectoralis major along the 
sixth rib. However, isolation of the target nerve 
(musculocutaneous or radial branches to the tri-
ceps) requires extension laterally. Early reports 
have described exposure of the musculocutane-
ous nerve via a separate incision over the anterior 
aspect of the arm [3].
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Continuing the chest incision laterally would 
impose a stagger at the level of the axillary crease. 
This can be in the form of a “V” based anteriorly 
(Fig. 26.1). The skin edges along this portion of 
the incision tend to get macerated as the arm is 
immobilized in adduction for 3–4 weeks after this 
transfer. Hence, the actual preference is to locate 
the “V” further medially at the lower border of the 
pectoralis major muscle. Making separate inci-
sions with a subcutaneous tunnel at the axillary 
crease leads to loss of length of the lower inter-
costals, and the repair has to be performed in less 
abduction to enable visualization of the ends of 
the intercostal nerves in the arm wound.

Target Nerves The musculocutaneous nerve is 
easily identified between the heads of the biceps 
(Fig. 26.2). Occasionally, the origin of the muscu-
locutaneous nerve may vary. It may arise from the 
lateral aspect of the median nerve behind or just 
distal to the insertion of the pectoralis major mus-
cle. In very few cases, the musculocutaneous nerve 
gives branches to the biceps, brachialis, and the lat-
eral cutaneous nerve of the forearm and continues 
distally as the lateral root of the median nerve.

Exposure of the Ribs We have not found it nec-
essary to detach the pectoralis major at the humeral 

insertion. Medially, one might need to divide a 
portion of the pectoralis major to expose the costo-
chondral junctions of the fifth and sixth ribs. The 
insertions of the pectoralis minor (second to fourth 
ribs) and the serratus anterior are visualized. 
Cutaneous branches from the upper intercostal 
nerves can be noted winding around the margin of 
the pectoralis major laterally to reach the skin over 
the deltopectoral region. These are consistently 
accompanied by an artery and two veins that might 
need to be clipped and divided. The intercostobra-
chial nerve can be seen as it crosses the axilla to 
reach the skin on the medial aspect of the arm. 
This must be protected as it is, often, the sole 
source of sensation in the paralyzed arm.

The exposure of the nerves starts by tracing the 
margin of the insertion of the slip of the serratus 
anterior at the sixth rib. This helps to expose the 
costo-chondral junction and the insertion of the 
rectus abdominis muscle (Fig. 26.3). The serratus 
anterior is detached from the rib, and the plane 
between the muscle and the rib is developed. As 
we proceed laterally, the junction with the adja-
cent slip of the serratus anterior is seen, and the 
muscle can be split laterally between the fibers of 
these converging slips to expose the rib up to the 
anterior axillary line (Fig.  26.4). The long tho-
racic vessels and nerve can be seen on the surface 
of the muscle at the mid-axillary line, and the 
nerve branches to the serratus anterior are pro-
tected. The rib can be exposed up to the posterior 
axillary line passing deep to the serratus anterior. 
The periosteum is incised between the superior 
and inferior margins of the rib and, then, stripped 
off the bone around the lower margin to detach the 
intercostal muscles from the rib. Care is taken to 

Fig. 26.1 The chest incision is performed from the lower 
border of the pectoralis major along the sixth rib laterally. 
A “V” shape anteriorly based at the lower border of the 
pectoralis major muscle helps to avoid skin edges macera-
tion at the axilla as the arm is immobilized during the 
postoperative period (red line shows the V shape modifi-
cation from previous incision)

Fig. 26.2 First the recipient nerve is identified before 
harvesting the intercostal nerves. The musculocutaneous 
nerve is easily identified between the heads of the biceps 
at the proximal arm

A. G. Bhatia et al.
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stay flush with the rib while separating the perios-
teum off the inner aspect. Use of a curved perios-
teum elevator with a rounded margin helps in 
avoiding accidental injury to the parietal pleura 
(Fig.  26.5). This separation of the periosteum 
starts anteriorly and proceeds laterally and poste-
riorly. The margin of the periosteum then carries 
the combined insertions of the external and mid-
dle intercostal muscles. This step is repeated for 
each rib. At the fourth and third ribs, it is neces-
sary to separate the serratus from the pectoralis 
minor and the latter muscle can be partly detached. 
The sixth rib is then retracted superiorly using a 
blunt-tipped curved retractor (like a cat’s paw) 
while the edge of the periosteum is grasped and 
pulled inferiorly. The intercostal vessels and nerve 

can, then, be visualized at the margin of the inter-
costal muscles in the anterior axillary line. A large 
lateral cutaneous branch is regularly found sepa-
rating from the intercostal nerve at this level. It is 
seen penetrating the intercostal muscles on its 
way to the dermis infero-medially. The trunk of 
the intercostal nerve can, thus, be identified. The 
terminal anterior motor component can be viewed 
through the transparency as it runs along the mar-
gins of the intercostal muscles (Fig.  26.6). 
Eversion of the flap of the periosteum facilitates 
this. The nerve can be easily traced along this 
course with careful division of the tiny branches 
to the muscles. The pleura is not at risk in this 
step. The nerve is separated from the muscles and 
from the underlying pleura. We try to achieve 

Fig. 26.3 Exposure of the nerves starts by tracing the 
margin of the insertion of the slip of the serratus anterior 
at the sixth rib (muscle retracted with the pick-ups). This 
helps to expose the costo-chondral junction and the inser-
tion of the rectus abdominis muscle

Fig. 26.4 As we proceed laterally, the junction with the 
adjacent slip of the serratus anterior is seen, and the mus-
cle can be split laterally between the fibers of these con-
verging slips to expose the rib up to the anterior axillary 
line

Fig. 26.5 The use of a curved periosteum elevator with a 
rounded margin helps to stay flush with the rib while sepa-
rating the periosteum off the inner aspect avoiding acci-
dental injury to the parietal pleura

Fig. 26.6 The terminal anterior motor component can be 
viewed through the transparency as it runs along the mar-
gins of the intercostal muscles

26 Intercostal Nerve Harvest in Brachial Plexus Injuries
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adequate length to reach the musculocutaneous 
nerve in the axilla. This necessitates shifting the 
pivot point almost up to the posterior axillary line. 
It is difficult to separate the cutaneous and motor 
branches over such a distance, and, hence, the 
branch noted at the anterior axillary line has, most 
often, to be sacrificed [4]. Passage to the axilla 
around the margin of the serratus anterior would 
lead to loss of length. Hence, the muscle is split at 
a level posterior to the long thoracic nerve, and 
the nerves are passed laterally through the gap 
created. Usually, we can approximate the inter-
costal nerves to the trunk of the musculocutane-
ous nerve in the axilla with the arm in 60 degrees 
abduction. However, reaching the terminal motor 
branches for the biceps and brachialis involves 
dissection of the intercostals medial to the costo-
chondral junctions with, evidently, reduction in 
the axon content. Alternatively, we need to plan 
the repair in less abduction.

 Repair

The diminishing content of motor fibers along the 
course of each intercostal nerve prompted tech-
niques that involved division of the nerve at the 
level of the mid-axillary line and bridging them to 
suitable target nerves with nerve grafts [5].

Tsuyama and Hara first proposed dissection of 
the nerves up to the costochondral junctions for 
direct transfers to the musculocutaneous nerve [6]. 
David Chuang [7] described his experience in a 
large series of cases whom intercostals were trans-
ferred directly to the musculocutaneous nerve.

In general, each intercostal is approximated to 
the target nerve with 2–3 epineural sutures using 
9/0 or 10/0 nylon (Fig. 26.7). In the absence of 
tension at the repair site, application of tissue 
glue provides strength to the repair, and handling 
of the nerve ends for suturing is reduced.

The cross-sectional area of the intercostal 
nerves is much less than that of the trunk of the 
musculocutaneous nerve. Approximation of the 
predominantly motor intercostal nerves to the 
mixed musculocutaneous nerve would, inevita-
bly, lead to loss of axons passing along the com-
ponent heading for the lateral cutaneous nerve of 

the forearm. An attempt has been made to over-
come this hurdle by coaptation of the intercostals 
to the lateral portion of the musculocutaneous 
nerve, which would lead to the terminal motor 
branches to the biceps and brachialis [8].

Brandt and Mackinnon [21] had proposed turn-
ing the lateral cutaneous branch back to be buried 
into the muscle. They published it for avoiding loss 
of axons along the sensory pathways and to augment 
the innervation of the biceps following transfer of 
the medial pectoral nerve to the musculocutaneous 
nerve. In the discussion, they have mentioned use of 
the technique in cases of intercostal nerve transfers to 
the musculocutaneous nerve as well. They have also 
mentioned exclusion of the branch to the coraco-
brachialis as that does not contribute to flexion of the 
elbow. It’s our standard practice to transfer intercostal 
nerves to the trunk of the musculocutaneous nerve 
distal to the branch to the coraco-brachialis.

 Postoperative Care

The arm is supported against the chest in an arm 
pouch sling for a month. Some surgeons prefer 
use of encircling bandages or even a spica cast. 
However, that would interfere with care of the 
axilla and, in my opinion, isn’t necessary. 
Mobilization of the shoulder is limited to 30 
degrees in any direction for a further period of a 

Fig. 26.7 The intercostal nerves are approximated to the 
trunk of the musculocutaneous nerve in the axilla with the 
arm in 60 degrees abduction. Neurorraphy of each inter-
costal nerve is performed with 2–3 epineural sutures using 
9/0 or 10/0 nylon. Coaptation of the intercostals to the lat-
eral portion of the musculocutaneous nerve would lead to 
the terminal motor branches to the biceps and brachialis
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month to avoid excessive traction on the delicate 
repair of the intercostal nerves.

Galvanic stimulation of the biceps may be 
instructed to slow down the atrophy of the dener-
vated muscle. The patient is instructed to flex the 
elbow passively 15–20 times per day to avoid stiff-
ness while awaiting reinnervation. Malessy [9] 
has described the stages in re-appearance of func-
tion in the biceps following transfer of intercostal 
nerves. Initially, there is tenderness on pinching 
the muscle. Later, one can observe contraction of 
the distal portion of the muscle on deep inspira-
tion. This can be made more evident by support-
ing the elbow at 90 degrees flexion and asking the 
patient to lift his head and look at the affected arm 
while lying supine. This exercise has been shown 
to be most effective in activation of the biceps via 
the intercostal nerve transfer [9, 10].

These early signs of reinnervation of the biceps 
are seen at 6–8 months after the repair. This con-
traction of the muscle should be demonstrated to 
the patient and his attendant so that the same 
maneuver can be repeated at home as well. 
Usually, the patient is instructed to practice con-
traction of the biceps in this way 100 times on 
waking up in the morning and, again, 100 times 
before going to bed (in groups of 3 repetitions 
each time). Progressive strengthening of the 
biceps is monitored and increased by adding 
resistance by tying weights at the wrist (50 g on 
wards). By this method, one can observe ability to 
flex the elbow against gravity by 6 months after 
the first appearance of contraction of the biceps. 
Surface EMG has been described as part of a bio-
feedback for re-education and strengthening. This 
was initially proposed for free functioning muscle 
transfers and can also be applied for intercostal 
nerve transfers to the musculocutaneous.

 Utility of Intercostal Transfers 
in Reconstruction of Brachial Plexus 
Injuries

The availability of intercostal nerves as donors in 
the presence of root avulsions was known for a 
long time. Initial descriptions of their use are 
depicted in the designs published in the archives 

of Narakas and in the monograph of the GEM 
(1990) and show one or two intercostals being 
transferred to the musculocutaneous, pectoral, 
long thoracic, axillary, radial, and, even, median 
and ulnar nerves. Repeated studies of morphom-
etry have revealed the limited content of motor 
fascicles in each intercostal nerve. Experience 
has shown that nerve transfers provide useful 
function when they are dedicated for one or, at 
most, two synergistic actions.

 Elbow Flexion

Intercostal nerve transfers are most commonly 
utilized for the restoration of elbow flexion. The 
trunk of the musculocutaneous nerve contains 
6000 myelinated fibers Bonnel et al. [11]. 
Freilinger et al. [12] reported on the number of 
motor and sensory fibers in each intercostal 
nerve. The number of motor fibers was approxi-
mately 45% at the level of the intervertebral fora-
men, and it dropped to 30% from the mid-axillary 
line forward for the upper intercostal nerves (up 
to the fourth) and as low as 15% for the lower 
intercostals (represented by the seventh). The 
drop in cross- sectional area of each intercostal 
nerve along its course was studied by 
Asfazadourian et al. [22]. They found that three 
intercostals (third to fifth) could effectively cover 
only a third of the cross- section of the musculo-
cutaneous nerve and hypothesized that use of an 
additional intercostal would be more suitable. 
However, they also pointed to the greater diffi-
culty faced in trying to achieve direct approxima-
tion of the next (sixth) intercostal nerve in the 
axilla. The correct number of intercostal nerves 
necessary for successful restoration of elbow 
flexion against gravity is not certain. The initial 
publications from Japan [17] referred to the use 
of two intercostals and even mentioned that they 
did not find a significant difference in the success 
rate with the use of three nerves. Most publica-
tions, however, refer to the use of three intercos-
tals for the musculocutaneous nerve. The Mayo 
Clinic [20] has described the use of two intercos-
tals for the nerve to the biceps and simultaneous 
transfer to two intercostals to innervate a gracilis 
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for restoration of finger flexion (that also contrib-
utes to elbow flexion as it passes anterior to the 
elbow).

 Elbow Extension

Doi [23] has stressed on the importance of reinner-
vating the triceps in his strategy of using two func-
tioning free muscle transfers in the reconstruction 
of total palsies. Hence, the second stage includes 
use of two intercostals for the gracilis for finger 
flexion along with two intercostals for the long 
head of the triceps. Goubier and Teboul [13] have 
also reported their satisfaction with the use of three 
intercostals for the long head of the triceps (8/10 
cases). On the other hand, Zheng et  al. reported 
insufficient elbow extension against gravity in all 7 
patients who had undergone the transfer of 2 to 3 
intercostal nerves to the triceps branch of the radial 
nerve. In their series, the phrenic nerve had been 
used for restoration of elbow flexion [14].

In my own experience, innervation of the tri-
ceps using intercostal nerves could be docu-
mented. However, the patients with partial 
palsies, inevitably, regained some function in the 
triceps spontaneously. Close observation at long 
term revealed that the portion of the triceps inner-
vated by the intercostals was not utilized when 
the patients reached out for objects. The absence 
of visual feedback of the effect of straining could 
be responsible for this as the patient cannot see 
the triceps contract.

 Pectoral Nerve

Narakas had referred to the transfer of the third 
intercostal nerve to one of the pectoral nerves. 
We have preferred to use this technique in addi-
tion to the transfer of three intercostal nerves to 
the musculocutaneous nerve [15]. Useful con-
traction of the pectoralis major has been noted in 
90% of patients, and this is synergistic with 
elbow flexion. The patients appear to have better 
stability of the shoulder joints, and the muscle 
also provides better control in patients in whom 
the shoulder was fused subsequently.

 Long Thoracic Nerve

Doi [24] described the transfer of intercostals to 
the long thoracic nerve to augment the shoulder 
function in cases of avulsions of the C5-6-7 roots. 
In my own experience of 26 patients, the com-
bined transfer of spinal accessory to suprascapu-
lar with two intercostals (fifth and sixth) to the 
long thoracic nerve has consistently restored 
external rotation in such patients with extensive 
partial palsies.

 Axillary Nerve

It is known that the results for abduction can be 
improved by providing for reinnervation of the 
deltoid in addition to reconstruction of supra-
scapular function. A transfer from the triceps 
branches of the radial nerve is not feasible in 
extensive partial palsies. Leechavengvongs et al. 
proposed the simultaneous use of two intercos-
tals for the triceps and two for the deltoid in such 
patients [16]. However, he has, now, abandoned 
that technique. In my own experience, contrac-
tion of the deltoid is seen with deep inspiration, 
but the range of abduction does not improve as 
the patient seems unable to harness the muscle 
during that action.

 Outcomes (Intercostals to MC 
for Elbow Flexion Function)

Studies show variable results of elbow flexion 
after intercostal nerve transfer to the musculocu-
taneous nerve. An MRC-3 grade or more result 
ranges from 59.5% to 79.3% according to the lit-
erature with nerve transfer [18, 19].

In my study of 232 from 279 patients with total 
and near-total brachial plexus injuries, three inter-
costal nerves (ICN) were transferred to the main 
trunk of the musculocutaneous (MCN) for restora-
tion of the biceps. These included 200 patients of 
total palsies (flail upper limbs) and 32 partial pal-
sies. 31 of the partial palsies had sustained injuries 
to the roots with week residual hand function that 
precluded use of intraplexual nerve transfers (ulnar/
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median). Patients who underwent surgery within 
180 days had a successful outcome (MRC grade 3 
and above) more often who were underwent sur-
gery at a longer delay (72.1% vs 49.0%) (Fig. 26.8). 
This difference between patients operated upon 
beyond 6 months was found to be statistically sig-
nificant (p = 0.002) (Table 26.1).

Age is another important factor to consider 
during nerve reconstructions. Significant associa-
tion (p < 0.005) was observed between age and 
follow-up biceps grades in patients with total or 
near total brachial plexus injuries that underwent 
three intercostal nerves transfer (ICN) to muscu-
locutaneous. Patients younger than 30 years old 
had better outcomes (MRC grade 3 and above) 
than older patients (Fig. 26.9). The percentage of 
a successful outcome (MRC grade 3 and greater) 
in patients younger than 30 years was signifi-
cantly better (80.2%) in patients with less than 30 
years than in older patients (50.5%) (Table 26.2).
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Table 26.1 Association between follow-up biceps grade 
and delay for surgery (n = 232)

Delay in surgery 
in days

Biceps grades at 
follow-up

Chi-square
value (p)

0–2
(n = 76)

3 and 4
(n = 156)

<180 (n = 183) 51 
(27.9%)

132 
(72.1%)

9.405  
(P = 0.002)

>180 (n = 49) 25 
(51.0%)

24 
(49.0%)

Table 26.2 Association between follow-up biceps grade 
and age at surgery in patients who underwent intercostal 
nerve transfer (n = 232)

Age at surgery

Biceps grades at 
follow-up

Chi-square
value (p)

0–2
(n = 76)

3 & 4
(n = 156)

≤30 years  
(n = 131)

26 (26.1%) 105 
(80.2%)

22.77  
(p < 0.005)

>30 years  
(n = 101)

50 (49.5%) 51 
(50.5%)
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Sural Nerve Harvest

Christine Oh, Nicholas Pulos, 
and Alexander Y. Shin

 Introduction

For grafting of mixed and motor nerve segments, 
autologous sural nerve remains the gold standard. 
The sural nerve can reliably provide 30  cm of 
usable nerve graft from one lower extremity with 
minimal donor site morbidity. Advances in mini-
mally invasive harvest techniques in sural nerve 
graft harvest continue to improve donor site 
morbidity.

 Anatomy

The sural nerve originates from nerve roots S1 
and S2 and provides sensation to the distal pos-
terolateral leg. It is formed by the confluence of 
the medial sural cutaneous nerve from the poste-
rior tibial nerve and the lateral sural cutaneous 
nerve from the common peroneal nerve. The site 
of sural nerve origin is approximately 8 cm below 
the bifurcation of the sciatic nerve. The medial 
sural nerve continues on to exit from the subfas-

cial plane deep to the gastrocnemius fascial raphe 
in the midline and will meet the lateral sural 
which is subcutaneous at approximately 20  cm 
proximal from the lateral malleolus. Anatomic 
variations are possible in approximately 20 per-
cent of cases, with absent branching or more 
proximal branching possible [12]. The sural 
nerve will course within the subcutaneous plane 
in the posterolateral leg. Its distal continuation 
via the lateral calcaneal and lateral dorsal cutane-
ous branches provides sensation to the postero-
lateral aspect of the foot. Its contribution to the 
plantar foot sensation is insignificant and thus is 
acceptable for nerve graft harvest. For nerve har-
vest, the sural nerve can be identified between the 
lateral malleolus and Achilles tendon at the mid-
point between the two structures 2 cm superior to 
the lateral malleolus in the subcutaneous plane. 
The lesser saphenous vein runs adjacent to the 
sural nerve and is typically located just posterior 
to the nerve. It can be useful as a marker for the 
nerve.

Total length of the sural nerve harvest may be 
longer than 30 cm. Sural nerve fibers are isolated 
from the other tibial and sciatic nerve fibers 
beyond its anatomical origin with a thin layer of 
epineurium [13]. Reidl et al. described an addi-
tional 14 cm of length, which may be harvested 
when an epineurolysis is performed proximally 
within the tibial nerve to separate the sural nerve 
fascicles. There is a potential risk associated with 
dissection adjacent to the important motoneurons 
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of the tibial and sciatic nerve, but with meticu-
lous, tension free dissection, the perineurium and 
nerve fibers remain uninjured [9, 13].

 Blood Supply

The ideal nerve graft is a conduit that promotes 
rapid axon regeneration, and thus blood supply of 
the graft is a critical consideration for success 
[15]. Adequate vascularity is associated with the 
retention of Schwann cells and funicular archi-
tecture to facilitate the ingrowth and maturation 
of axons. In 1939 Sterling Bunnell first used thin 
autogenous grafts transferred to a healthy vascu-
lar bed for successful grafting [1]. Subsequently, 
in 1972 cable nerve grafting was refined by 
Millesi et  al. allowing accurate interfascicular 
placement of grafts [11]. Nerve grafts are revas-
cularized in a centripetal fashion and require a 
healthy recipient bed, evolving to the use of cable 
nerve grafting. Hence, the conventional nerve 
grafts of today rely on free cable grafts of thin 
long peripheral sensory nerves instead of a single 
large nerve graft to prevent central necrosis. The 
blood supply to a traditional nerve graft is pro-
vided with the longitudinal vessels which course 
axially on the surface of the nerve, supplying the 
epineurium, perineurium, and endoneurium with 
an anastomotic vascular network [16]. With the 
advent of microsurgery, Taylor et  al. first 
described the free vascularized nerve graft utiliz-
ing the contralateral superficial radial nerve to 
reconstruct the median nerve in the setting of a 
patient with Volkmann’s ischemic contracture 
[16]. This was then expanded upon by Gilbert 
and Doi who described the vascularized sural 
nerve graft in 1984 [4, 6]. Vascularized nerve 
grafts are reported to allow faster nerve regenera-
tion, averaging 2.4  mm per day compared to a 
standard 1 mm per day [15].

In a study comparing vascularized versus con-
ventional nerve graft within a well-vascularized 
wound bed, no difference in speed of recovery or 
final outcome was noted for axillary nerve 
defects. However, for long nerve gaps between 7 
and 14 cm in patients with ulnar or radial nerve 
lesions, earlier and improved functional recovery 

with vascularized nerve grafts than conventional 
grafts has been reported [5]. Doi et al. conclude 
that consideration for vascularized nerve graft 
should be given in the case of a nerve gap larger 
than 6 cm associated with a skin defect or com-
promised wound bed [5]. Doi described a tech-
nique for harvesting a vascularized sural nerve. 
The procedure is challenging and time consum-
ing with a steep learning curve. Most reports are 
in the setting of large nerve gaps where the recip-
ient bed is heavily scarred and also requires the 
transfer of a thick nerve; thus the applications of 
a vascularized sural nerve graft are quite limited 
[15]. If a patient necessitates vascularized nerve 
graft, it is likely best served with a different donor 
nerve, such as vascularized ulnar nerve [4].

 Operative Techniques

Patient positioning varies depending on the surgi-
cal situation. Prone positioning is the most con-
ducive for sural nerve harvest, but often does not 
facilitate the primary operation. The patient may 
be lateral decubitus or supine. If supine, an assis-
tant can either maintain positioning of the lower 
extremity. Downsides to this can include conges-
tion of the operating room space secondary to the 
additional assistant and if a trainee, whether med-
ical student or resident, is holding the extremity, 
precludes visualization of the procedure and 
compromises intraoperative education. Our pref-
erence is to use a lower extremity limb positioner 
(SPIDER2 Limb Positioner, Smith and Nephew, 
Andover, MA) during nerve harvest. The limb 
positioner may be used with an ankle distractor 
accessory to elevate the leg and provide exposure 
to the posterior lower leg without the need to 
reposition the patient.

The traditional open technique of sural nerve 
harvest uses a single longitudinal incision along 
the lower leg in line with the course of the nerve 
beginning distally within the groove between the 
Achilles tendon and the lateral malleolus. The 
lesser saphenous vein is identified, preserved, 
and retracted. Once the nerve is identified, it is 
mobilized tagged with a vessel loop, which pro-
vides identification, gentle handling, and mild 
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traction. The dissection is carried out proximally 
to the level of the popliteal fossa. This open 
approach provides visualization of the entire 
sural nerve anatomy, especially of the lateral 
branch which can be harvested if additional 
length is needed. The main advantages of this 
approach are that the direct visualization allows 
for meticulous hemostasis, careful handling of 
the nerve, and proper treatment of any diverging 
nerve branches. However, a stocking seam inci-
sion may be excessively morbid for some 
patients, and minimally invasive techniques have 
been described [3]. Starting distally, several (typ-
ically 3–4) 2–3 cm “stair-step” or counter inci-
sions can be made along the length of the nerve 
until the popliteal fossa is reached with the nerve 
transected distally and then proximally. This 
technique can limit incision burden, yet the scars 
can still be unsightly.

An alternative would be to use a nerve or ten-
don stripper. With these devices, a limited distal 
incision is made, and the stripper is passed 
through the end of the nerve and then gently 
passed proximally in a rotary maneuver until the 
tip of the instrument can be palpated near the 
popliteal fossa [8]. This technique allows for two 
total incisions (distal and proximal). Potential 
complications of using a stripper include injury 
to the nerve during dissection as well inadvertent 
transection of the sural nerve graft. The commu-
nicating branch of the peroneal nerve is tran-
sected in a potentially traumatic, avulsing manner 
with this technique since it is not directly visual-
ized. The entire dissection is completed without 
any direct visualization, and just by propriocep-
tion and when resistance is met, typically at the 
site of nerve branching, inadvertent force could 
potentially transect the nerve. It is critical to 
understand the expected anatomic course of the 
nerve and position the instrument in the direction 
toward the primary nerve and not any lateral 
branch points.

To circumvent such a complication, endo-
scopic sural nerve harvest is a technique to allow 
direct visualization of the dissection. A limited 
(1–2 cm) distal incision is made and the sural 
nerve identified; a vessel loop may be placed 
around the nerve for gentle traction. There are 

variations in harvest technique—the number of 
incisions and preferred dissecting instruments 
(tenotomy, endoscopic scissor, nerve or tendon 
stripper, or Foley catheter balloon) [2, 7, 10, 14]. 
A cone tip endoscopic dissector typically used 
for vessel harvest in vascular surgery such as the 
VasoView (Guidant Co., Natick, MA) is used 
with a 0 degree, 5  mm endoscope (Storz 
Instruments, San Dimas, CA). The VasoView 
conical dissectors seem to be the optimal instru-
ment for endoscopic sural nerve harvest com-
pared to the Foley catheter or standard endoscopic 
view port. The cone dissector is inserted from 
the distal incision and CO2 is used for light 
insufflation. Dissection is directly visualized and 
carried out throughout the length of the sural 
nerve using only the cone dissector. This is a 
rapid and facile dissection with minimal bleed-
ing. No additional endoscopic instruments are 
necessary. The nerve can be free circumferen-
tially from the surrounding subcutaneous tissue 
to allow full mobilization and carried up to the 
popliteal fossa where the medial and lateral sural 
nerve join. A counter incision is then made at the 
level approximately 2  cm below the popliteal 
fossa in a transverse fashion to allow for harvest-
ing of the sural nerve proximally under direct 
visualization using the endoscope. The lateral 
sural nerve branch may be separated at this time 
and either harvest in conjunction or left in place. 
A transverse incision at this level takes advan-
tage of the skin tension lines in this area and will 
optimize scar healing. The sural nerve is then 
extracted through the distal wound. The endo-
scopic technique allows for shorter incisions, 
less visible scarring, decreased post-operative 
pain, and shorter recovery [2, 3]. In pediatric 
patients especially, a standard telescope can even 
be utilized to facilitate endoscopic dissection if a 
cone tip dissector is not available given the 
shorter length of the pediatric limb.

 Complications

The sural nerves can provide an abundant 
source of graft material with minimal branch-
ing and functional deficit associated with har-
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vest. It is easily accessible and has large 
fascicles to  facilitate successful grafting. 
Complications associated with nerve graft har-
vest include injury to the nerve during dissec-
tion, primarily with traction and handling, 
which may compromise the quality of the nerve 
graft. This emphasizes the importance of gentle 
handling of the nerve throughout the harvest and 
using as atraumatic a technique as possible. When 
harvesting additional length beyond the popliteal 
fossa, there is the potential for injury to the sciatic 
or tibial nerves. When additional length is neces-
sary after bilateral harvest, proximal dissection 
should be done under direct visualization as with 
open harvest. There is the risk of symptomatic 
neuroma at the remaining stump of the sural 
nerve. However, by harvesting the nerve proximal 
to its course within the gastrocnemius fascia, the 
remaining nerve stump may be buried within the 
muscle belly and is rarely symptomatic.
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Contralateral C7 Nerve Transfer 
in the Treatment of Adult Brachial 
Plexus Injuries and Spastic 
Hemiplegia

Yun-Dong Shen and Wen-Dong Xu

 Introduction

Contralateral C7 nerve root transfer surgery is one 
of the most important surgical methods in treating 
brachial plexus avulsion injury, which was first 
reported by Dr. Gu in 1986. In this surgery, the C7 
nerve on the healthy side was transferred to the 
injured side to establish a connection between the 
ipsilateral motor cortex and the affected limb and 
restore limb function. With long-term follow-up 
and experimental studies, it was found that contra-
lateral C7 nerve root transfer could trigger a series 
of brain plasticity and indicated that one hemi-
sphere has potential in controlling bilateral upper 
limb after nerve transfer. Based on these discover-
ies, the contralateral C7 nerve root transfer has 
been extended to treat hemiplegic paralysis and 
gets much achievement.

 Part I: Adult Brachial Plexus 
Injuries: Restoration of Hand 
Function in the Pan Plexus 
Injury— CC7

 Brief History of Contralateral C7 
Nerve Root Transfer

In the case of brachial plexus avulsion injury 
(BPAI), nerve transfer is the optimal method for 
restoration of critical motor or sensory function 
in the injured limb. In a nerve transfer procedure, 
total or partial of an intact but less important 
nerve is coapted to the distal of an injured periph-
eral nerve to reconstruct a more important motor 
or sensory function. However, for patients with 
complete root avulsion of the brachial plexus, 
intraplexus donor nerves are not available to be 
used for restoring the function of the injured 
upper extremity; thus all the donor nerves are 
from extraplexus origins. Extraplexus donor 
nerves that are most commonly used for transfer 
include the accessory nerve, phrenic nerve, inter-
costal nerves, contralateral C7 (CC7) nerve, and 
motor branches of the cervical plexus. The con-
tralateral C7 nerve is a relatively new, controver-
sial but valuable donor.

The seventh cervical nerve root transfer from 
the contralateral healthy side was first performed 
in 1986 for treatment of total BPAI [1]. Since 
then, this procedure has been increasingly 
adopted and has been one of the major treatments 
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for BPAI.  Although there have been controver-
sies on cutting off a normal nerve root without 
any neurologic sequelae to the donor limb, this 
technique has been gaining wider and wider 
acceptance as increasing experiences have been 
acquired to verify its efficiency and safety.

 Surgical Anatomy of C7 Nerve

The C7 nerve has its unique anatomic features 
that make it an efficient and safe donor nerve for 
transfer:

 1. The C7 nerve contains 27,213 ± 5417 myelin-
ated nerve fibers which are more than the total 
number of all extraplexus donor nerves avail-
able for transfer [2]. It is a mixed nerve root 
that consists of both motor and sensory fibers, 
and the histochemical studies of C7 in cadav-
ers have revealed that the posterior division of 
C7 mainly contains motor fibers while the 
anterior division mainly contains sensory 
fibers. In the anterior division particularly, the 
sensory fibers are mostly located in the ante-
rior and medial part.

 2. The C7 nerve root independently forms the 
middle trunk of brachial plexus, while the 
C5-C6 nerve roots form the upper trunk and 
the C8-T1 nerve roots form the lower trunk, 
respectively. Further studies suggested that 
the C7 nerve root mostly joins the lateral cord 
(44–44.2%) and posterior cord (44.6–44.8%) 
of brachial plexus. The motor fibers mainly 
innervate the medial head of triceps, extensor 
carpi radialis brevis, and extensor digitorum 
communis. The sensory fibers mostly distrib-
ute to the lateral arm and forearm and the dig-
its centered on the index finger.

 3. There is cross-innervation from the upper or 
lower trunk of brachial plexus in C7- innervated 
muscles; thus no single muscle is dominated 
by C7 alone. Muscles controlled by C7 can be 
compensated for by other nerve roots; for 
example, latissimus dorsi is also innervated by 
C6 and C8, triceps by C5, 6, and 8 and T1, and 
flexor carpi ulnaris and extensor digitorum 
communis by C8 and T1 [3]. Accordingly, the 

function of C7 nerve could be compensated 
either by the upper trunk or the lower trunk 
while it is injured or cut off. Microdissection 
and histochemical studies of the C7 nerve root 
indicated that motor fibers of the C7 nerve root 
are dispersive and only half of the fibers from 
the thoracodorsal nerve originate from the C7 
root. These findings confirmed that the inner-
vation of motor fibers in the C7 root is depen-
dent and compensable, which provides a 
scientific evidence for the safety of contralat-
eral C7 nerve root transfer. Therefore, cutting 
off the entire or partial C7 nerve root isolatedly 
does not result in significant functional loss of 
any individual muscle [4, 5].

 Indications for Contralateral C7 
Transfer

 1. Patients who had traction injury of unilateral 
upper extremity with complete palsy and total 
root avulsions. They should have no associ-
ated injury with the contralateral upper 
extremity or around the shoulder.

 2. Contralateral C7 nerve root transfer could be 
indicated as one of the series of multiple nerve 
transfer for treatment of total or severe BPAI, 
together with other nerve transfers such as 
accessory nerve, phrenic nerve, and intercos-
tal nerves transfer. Besides that, contralateral 
C7 nerve could also be a donor nerve of free 
muscle transplantation, such as free gracilis 
muscle transplantation by innervated median 
nerve.

 Preparation of Contralateral C7 
Nerve Root

The patient is placed in supine position with the 
head toward the affected side after execution of 
general anesthesia. A ~7 cm transverse incision is 
made 2 cm parallel to and above the contralateral 
clavicle. The transverse cervical vessels and omo-
hyoid muscle are ligated or retracted to one side. 
All five roots are explored, and the anatomic con-
figuration of brachial plexus is identified by gross 
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observation. The C7 nerve root is  determined by 
detecting action potentials elicited from the latis-
simus dorsi muscle and the triceps as well as 
observing shoulder adduction, elbow, and wrist 
extension by using intraoperative microstimula-
tion with direct current stimulator [3]. Thereafter, 
the contralateral C7 is dissected as distally as pos-
sible and then severed for transfer.

 Preparation of Nerve Grafts

 1. Ulnar nerve graft with vessel anastomosis

In order to ensure sufficient blood supply of 
long grafted nerve, some authors suggested ves-
sel anastomosing with ulnar nerve graft. In this 
procedure, the ulnar artery and ulnar vein were 
harvested accompany with the ulnar nerve, and 
then the ulnar artery and vein were anastomosed 
with the transverse cervical artery and vein, 
respectively. The proximal end of the ulnar nerve 
is coapted to the target nerve such as the median 
nerve in the upper arm of the affected side.

 2. Pedicled ulnar nerve graft

In a more recent time, with the development 
of anatomy, it is suggested that the superior ulnar 
collateral artery with cross section diameter of 
more than 0.5 mm is capable of providing suffi-
cient blood supply for the ulnar nerve with a 
width/length ratio of 1/45, and the pedicled ulnar 
nerve could be harvested for grafting without 
anastomosing the ulnar artery or vein. Based on 
this, an equally satisfactory outcome could be 
achieved without anastomosing vessels in pedi-
cled ulnar nerve grafted contralateral C7 nerve 
transfer. Therefore, for a simplified procedure, 
the superior ulnar collateral artery that is located 
above the elbow and provides blood supply for 
the upper segment of ulnar nerve was also har-
vested with the ulnar nerve.

A two-stage surgery is suggested to connect 
the contralateral C7 nerve root to the injured bra-
chial plexus via pedicled ulnar nerve graft to 
maintain a good blood supply for the grafting 
ulnar nerve.

In the first stage, the ulnar nerve and its dorsal 
cutaneous branch on the affected side are severed 
at the wrist level and dissected proximally to the 
level of superior ulnar collateral artery (Fig. 28.1a). 
The distal end of the ulnar nerve is then drawn to 
the supraclavicular region on the contralateral side 
through a cross-chest subcutaneous tunnel. The 
distal end of the ulnar nerve is coapted to the C7 
nerve root (Fig. 28.1b) in the first stage of this sur-
gery while the proximal end of the pedicled ulnar 
nerve is coapted to the recipient nerve, such as the 
median nerve, radial nerve, and musculocutaneous 
nerve of the injured side at the second stage.

The second stage could be performed when 
nerve regeneration has reached the axilla of the 
affected side as decided by clinical and physio-
logical studies as follows: i) tapping along the 
route of ulnar nerve until the Tinel’s sign could 
be elicited at ipsilateral axilla; ii) sensory evoked 
potential (SEP) could be elicited from scalp 
while stimulating along the route of subcutane-
ous ulnar nerve, which demonstrates successful 
nerve regeneration; iii) based on previous experi-
ences and the nerve growth rate of 1 mm per day, 
the average time for nerve regeneration to the 
axilla was 4–20 months (mean 10.5 months) in 
adults [1, 6].

According to previous studies, no significant 
difference was found in terms of motor recovery 
in the forearm and hand using a vascularized 
ulnar nerve graft with vessel anastomosing, com-
pared with a pedicled ulnar nerve graft which 
involved only the superior ulnar collateral vessels 
[5]. Therefore, the pedicled ulnar nerve grafted 
contralateral C7 transfer is suggested over the 
one with vessel anastomosing.

 3. Sural nerve graft

With respect to avulsion of both the upper and 
the middle trunk of brachial plexus with partial 
injury of the lower trunk, the ulnar nerve on the 
affected side is not suitable to be harvested for 
grafting because it has the possibility of continu-
ous functional recovery. In these circumstances, 
free or vascularized sural nerve grafts are  harvested 
for bridging the donor and recipient nerves.
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 (i) Free sural nerve graft
Free sural nerve that matches the defect 

length between contralateral C7 nerve and the 
recipient nerve is dissected and harvested 
from either leg. Two to four strands of the har-
vested sural nerve are arranged passing though 
subcutaneous tunnel in the upper chest region 
depending on the cross- sectional area of the 
contralateral C7 nerve root.

 (ii) Vascularized sural nerve graft
The grafted sural nerve is harvested 

together with the small saphenous vein. The 
proximal end of the small saphenous vein is 
anastomosed with the transverse cervical 
artery and the distal end to the thoracoacro-
mial artery while the nerve grafting is 
performed.

a b

d

e

c

Fig. 28.1 (a) Preparation of pedicled ulnar nerve graft. The 
ulnar nerve and its dorsal cutaneous branch on the affected 
side are severed at the wrist level and dissected proximally. 
The superior ulnar collateral artery of upper arm segment is 
also harvested together with the ulnar nerve. The distal end of 
the ulnar nerve is then drawn to the supraclavicular region on 
the unaffected side through a cross-chest subcutaneous tun-
nel. UN ulnar nerve. (b) The distal end of the ulnar nerve is 
drawn to the supraclavicular region on the contralateral side 
through a cross- chest subcutaneous tunnel. The distal end of 
the ulnar nerve is coapted to the C7 nerve root in the first 
stage of this surgery. CC7 contralateral C7 nerve, UN ulnar 

nerve. (c) Exploration of affected upper arm at the second 
stage of CC7 nerve transfer. The reversed UN is dissected 
and then transected for transfer. MN median nerve, McN 
musculocutaneous nerve, UN ulnar nerve, CC7 contralateral 
C7 nerve. (d) The proximal UN was ready for coaptation 
with the distal McN and MN. MN median nerve, McN mus-
culocutaneous nerve, UN ulnar nerve, CC7 contralateral C7 
nerve. (e) The coaptation of proximal UN with McN and MN 
simultaneously at the second stage of CC7 nerve transfer 
(through pedicled ulnar nerve graft). MN median nerve, 
McN musculocutaneous nerve, UN ulnar nerve, CC7 contra-
lateral C7 nerve
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 4. Direct neurorrhaphy to the lower trunk

In 2010, Feng et al. introduced a new route for 
contralateral C7 nerve root transfer to the injured 
lower trunk or the C8-T1 nerve roots of brachial 
plexus via a subcutaneous tunnel across the ante-
rior surface of the chest and neck. Direct neuror-
rhaphy was performed in two patients and nerve 
grafts of 4.5 cm in length were used in the other 
two patients [7].

In contrast with traditional route, the regener-
ating distance in this procedure was greatly short-
ened, and ulnar nerve harvesting with extensive 
scar was avoided. Therefore, it might be a possi-
ble alternative to regain better wrist flexion, fin-
ger flexion, and hand sensation for total BPAI 
patients. Nevertheless, a long-term follow-up 
with more cases involved is still needed to vali-
date this new surgical procedure over the tradi-
tional approaches.

 Selection of Recipient Nerves

 1. Single recipient nerve

In order to ensure a satisfactory recovery, the 
entire contralateral C7 root is frequently used, 
and usually a single target is reconstructed. In 
most of the patients, the contralateral C7 root is 
directed to musculocutaneous nerve, radial nerve, 
or median nerve of the affected limb [1]. The 
median nerve is the mostly recommended single 
recipient nerve because both the C7 nerve and the 
median nerve consist of mixed nerve fibers 
including sensory and motor fibers. With this 
combination of nerve, both motor and sensory 
functional recoveries of a single recipient nerve 
are reconstructed [4, 5, 8]. In others, they pre-
ferred to repair the suprascapular nerve or the 
posterior cord first as a part of double free muscle 
transfer procedure for a further reconstruction of 
prehension function with innervated free muscles 
[9].

 2. Multiple recipient nerves

The contralateral C7 root could be transferred 
to neurotize median nerve and triceps branches of 
radial nerve or both the musculocutaneous nerve 
and the median nerve of the affected side 
(Fig. 28.1c–e).

In a recent report of selective contralateral C7 
transfer by Terzis, the anterior division of contra-
lateral C7 was used to neurotize flexors and 
median nerve while the posterior division was 
transferred to extensor targets. Usually, neuro-
tized free muscles were transferred in a staged 
reconstruction to enhance the upper extremity 
function. Free muscles for elbow flexion or finger 
flexion were neurotized from the anterior divi-
sion, and free muscles for elbow or finger exten-
sion were from the posterior division [10].

 Postoperative Monitoring

After surgery, the head, neck, and the affected 
upper extremity are immobilized with a brace for 
3–4  weeks with arm against the chest, elbow 
flexed, and neck in neutral position.

Nerve regeneration is tested by advancing 
Tinel’s sign along the nerve route and the sensory 
evoked potential (SEP) elicited from the scalp 
while stimulating the subcutaneous nerve graft. 
And needle electromyography (EMG) examina-
tion confirms successful reinnervation of the 
nerve by compound muscle action potential 
(CMAP) in the target muscles.

Rehabilitation protocol is performed instantly 
after removal of the splint. It contains four aspects: 
(1) passive range of motion of the affected upper 
extremity; (2) slow-pulse electrical stimulation 
on the nerve regenerating route; (3) simultane-
ous motions of abducting, internally rotating, and 
extending the shoulder and the elbow of the con-
tralateral upper extremity while contracting of the 
reinnervated muscles; (4) conscious reeducation 
of voluntary motions of affected upper extremity 
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without initiation of contralateral limb should be 
performed to promote an interhemispheric cere-
bral reorganization.

 Potential Complications

 1. Sensory abnormality

In the literature, most researchers reported 
that a majority of the patients experienced tempo-
rary paresthesia in the median nerve area of the 
donor limb. In Songcharoen et al.’s report, nearly 
all patients (97%) had sensory deficits transiently, 
which resolved completely within 7 months [4]. 
Paresthesia, mostly numbness, frequently affects 
the distal index finger followed by thumb and 
middle finger. In a few cases, paresthetic area 
also includes the ring finger, volar palm, and 
radial area of the contralateral forearm. But the 
sensory abnormalities spontaneously recovered 
postoperatively although the recovery duration 
varied in different studies. Liu et  al. reported a 
period of 1.5–2 years is needed for disappearance 
of sensory abnormalities [11], but in Sungpet and 
his associates’ report, it took only 3 months for 
all but 1 patient to resolve this paresthesia [12]. 
In Chuang’s series of 21 patients with more than 
2  years’ follow-up, 48% of the patients had no 
significant sensory changes, and most patients 
(81%) were free of motor weakness in the contra-
lateral limb. In his observation, sensory and 
motor function abnormalities mostly recovered 
within 3 months postoperatively [13].

 2. Temporary motor deficit

Motor deficits of extensor weakness in the 
elbow, wrist, or fingers in the contralateral limb 
are also the main complication after operation but 
less common than sensory deficit. Temporary 
mild weakness of the strength of the extensor 
muscles occurs shortly after operation, but mus-
cle strength may return to normal in the long run 
[14]. Chuang reported a motor deficit in 19% of 
patients after entire contralateral C7 transection 
[13]. Other reports of contralateral C7 root trans-
fer also confirm the absence of any long-term 

functional deficits [5]. In another study of hemi- 
contralateral C7 nerve transfer, there were only 
3% of the patients reported transient motor defi-
cit [4]. Nearly all the motor deficits recovered to 
normal within 6–12  months. Usually, complete 
functional recovery was noted within 6  months 
after surgery.

 3. Anatomic variation associated upper extrem-
ity paralysis

Theoretically, the anatomic variation of pre-
fixed or postfixed brachial plexus with involve-
ment of C4 or T2 contribution may result in 
considerable complications of limb paralysis 
after contralateral C7 transfer. Although this ana-
tomic variation is rare, adequate exposure of all 
five roots and intraoperative EMG tests were 
effective and necessary preventions to avoid 
function deficits in the donor limb.

 Results and Outcomes 
from the Literature

In the contralateral C7 transfer to the median 
nerve with pedicled ulnar nerve grafting, 62.5% 
of 8 patients with 2-year follow-up regained M3 
for wrist flexion and finger flexion [15]. In a rela-
tively recent report of long-term follow-up, func-
tional recovery reached M3 or greater in 50% for 
the finger flexors and S3 or greater in 12 patients 
after median nerve neurotization.

In Hierner et  al.’s report, 25% of 4 patients 
with 1.5-year follow-up regained M3 of target 
muscle strength [16]. Waikakul et  al. and 
Songcharoen et  al., respectively, reported that 
21% of 96 patients and 28.6% of 21 patients 
gained M3 for both wrist flexion and finger flex-
ion after contralateral C7 to median nerve trans-
fer [4, 5].

Better recoveries in our series may be contrib-
uted to the fact that the entire contralateral C7 
was used in most of our patients while in a major-
ity of other studies only partial or half of the con-
tralateral C7 nerve was used.

With respect to other recipient nerves, in a 
2-year follow-up of pedicled ulnar nerve grafted 
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contralateral C7 transfer, the ulnar nerve was 
coapted to the musculocutaneous nerve in six 
cases, with recovery of biceps up to M3 in four 
and S3 in five cases; the ulnar nerve was coapted 
to the median nerve in eight cases, with recovery 
of the wrist and finger flexors to M3 in five and 
S3 in six cases; the ulnar nerve was coapted to the 
radial nerve in four cases, with recovery of the 
triceps to M4 in two and S3 in three cases; and 
the ulnar nerve was coapted to the thoracodorsal 
nerve in two cases, with recovery of the latissi-
mus dorsi to M4  in one case. Overall, the total 
muscle recovery rate (≥M3) of the series was 
60%, and the sensory recovery rate (≥S3) was 
78% [14]. In a relatively recent study of a popula-
tion of 32 patients with an adequate follow-up 
(more 2 years), the entire C7 root was transferred 
in most of their patients (17 cases), followed by 
the posterior division (12 cases) and the anterior 
division (three cases). The neurotizations were 
directed to musculocutaneous, radial, and median 
nerves. Functional recovery reached M3 or 
greater in 80% of patients for the biceps, in 66% 
for the wrist and finger extensors, and in 50% for 
the finger flexors, and S3 or greater in 12 patients 
(85.7%) after median nerve neurotization. In 
Hattori et  al.’s series, all five patients with the 
posterior cord repair achieved more than M2 
recovery of triceps function, which contributed to 
stability of the elbow joint in reconstruction of 
prehension by a double free muscle transfer pro-
cedure [9]. Four patients with nerve repair of the 
suprascapular and musculocutaneous nerve 
achieved M3 or M2 recovery.

There are several factors that may affect 
results of contralateral C7 transfer. It is suggested 
that operation delay of more than 1  year after 
injury may lead to poor functional results of con-
tralateral C7 transfer [14]. Waikakul et  al. 
revealed that a timely repair of contralateral C7 
transfer in patients within 18 years could finally 
acquire effective recovery in 50–60% of them 
[5]. In Chen et al.’s report, 3 of 8 of infant patients 
who underwent contralateral C7 nerve transfer to 
median nerve failed to regain satisfactory motor 
recoveries. The reasons may be attributed to sur-
gical delay of more than 1 year. But good muscle 
strength for the elbow could still be gained even 

when the surgery was delayed for 14  months 
after injury [6]. These indicated that the timing of 
this procedure for the shoulder and elbow may 
not be as critical as in adults. In Terzis et  al.’s 
study, she revealed that patients who were 
younger than 18 years or underwent this surgery 
within 9  months after injury are more likely to 
regain better recovery results [10].

 Brain Plasticity After Contralateral C7 
Transfer

Clinically, after contralateral C7 transfer to the 
injured median nerve for treatment of BPAI, only 
about half of the patients regained sensation of 
the median nerve innervated area in the affected 
hands and can flex their wrists and fingers. But 
the synchronous motion and sensation in both 
hands almost always occurred after surgery 
because C7 comes from the contralateral side 
[15]. Finally, some patients can control their 
affected limb independently after long-time reed-
ucation. However, before independent limb con-
trol appeared, the movement of the affected limb 
could only be initiated by movement of the 
healthy limb.

In a recent study of adult rats, the motor repre-
sentation map constructed by intracortical micro-
stimulation revealed a dynamic process of the 
transhemispheric functional reorganization in the 
motor cortex after transferring the C7 nerve root 
from the contralateral healthy side to the injured 
limb for treatment of BPAI. Initially the ipsilat-
eral motor cortex activated the injured forepaw 
for 5 months after the operation. Then, bilateral 
cerebral hemispheres of the cortex activated the 
movement of the injured side of forepaw at the 
seventh month postoperatively, and finally the 
contralateral cortex exclusively controlled the 
injured forepaw after 10 months [17, 18]. It sug-
gested that original contralateral functional area 
in the cerebral cortex was reactivated, so some 
patients could regain independent movement 
finally. In contrast with the motor reorganization, 
the sensory reorganization remains within the 
ipsilateral cortex which may be the possible 
explanation of existence of synchronous sensitiv-
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ity in patients after contralateral C7 transfer to 
the median nerve [19]. In the PET imaging study 
of adults after contralateral C7 transfer, the tran-
shemispheric reorganization in the cortex and 
finally the median nerve innervated area in the 
affected limb was also reactivated [20].

Therefore, contralateral C7 transfer is a com-
plex procedure referable to cerebral plasticity, 
and the final results could be attributed to involve-
ment of both peripheral regeneration and brain 
reorganization.

 Part II: Contralateral C7 Nerve 
Transfer in the Treatment of Spastic 
Hemiplegia

 The Mechanism of Contralateral C7 
Nerve Transfer in Treating of Spastic 
Hemiplegia

Central neurological injury (e.g., brain trauma, 
stroke, and cerebral palsy) is an important cause 
of long-term functional disability, especially 
spastic hemiplegia [21–23]. Some studies have 
demonstrated that contralesional hemispheric 
compensation may be an important recovery 
mechanism of motor function recovery [24, 25]. 
However, the ipsilateral fibers only account for 
10 ~ 20% or even less of all corticospinal projec-
tions, which limits this compensatory capacity.

In the contralateral C7 nerve transfer, 20% of 
the nerve fibers that innervate the intact upper 
extremity were severed and transferred to the 
paralyzed limb. Thus, the quantity of the connec-
tion between the contralesional hemisphere and 
the paralyzed limb could be significantly 
enhanced and it amplifies signal exchanges, both 
afferent and efferent motor control over the 
paretic limb improves.

 Clinical Trials of Contralateral C7 
Nerve Transfer in Treating of Spastic 
Hemiplegia

We originally applied the contralateral C7 nerve 
transfer in the treatment of spastic extremity 
paralysis due to injury to a cerebral hemisphere 
from stroke, traumatic brain injury, or cerebral 

palsy, and finished the world’s first clinical case 
in 2008 and got encouraging result [26]. Then we 
further applied this surgery in a series of hemi-
plegic patients and succeeded in spastic releasing 
and motor function restoration [27]. In the latest 
single-center clinical trial [28], it was showed 
that contralateral C7 nerve transfer is associated 
with a greater improvement in function and 
reduction of spasticity than physical rehabilita-
tion alone. After the surgery and subsequent 
rehabilitation, the Fugl-Meyer score in paralyzed 
limb significantly improved (17.7 ± 5.6 points in 
the surgery group vs. 2.6 ± 2.0 points in the con-
trol group), and a majority of patients were able 
to use the paralyzed hand to perform three or 
more of the tasks of dressing, tying shoes, wring-
ing out a towel, and operating a mobile phone.

 Indications for Contralateral C7 
Transfer

 1. Spastic hemiplegia following different causes 
of central neurologic injury, such as stroke, trau-
matic brain injury, and cerebral palsy, princi-
pally presenting as difficulty in hand opening.

 2. Central neurologic injury only involving the 
hemisphere contralateral to the paralyzed hand.

 Exclusion

 1. Presence of severe systemic diseases such as 
diabetes mellitus or cardiopulmonary dis-
eases, contraindicating surgery.

 2. Patient at high risk of recurrent stroke.

 Surgical Technique

Detailed description and operative figures were 
presented in the recent article [29].

The patient is placed in a supine position with 
the head turned away from the operative side and 
a pillow under the shoulders for sufficient expo-
sure of the brachial plexus. A transverse incision 
approximately 15 cm in length is made parallel to 
the clavicle and 2 cm superior.
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 1. Preparation of Bilateral C7 Nerve

The patient was placed in a supine position 
with the head turned away from the operative 
side and a pillow under the shoulders for suffi-
cient exposure of the brachial plexus. A trans-
verse incision approximately 15 cm in length is 
made parallel to the clavicle and 2 cm superior.

First, a layered exploration is performed. The 
external jugular vein is ligated and the omohyoid 
muscle is retracted to one side. The transverse 
cervical vessels are ligated. The C5-T1 nerve 
roots and the anterior scalenus muscle could be 
seen. Be careful with the phrenic nerve on the 
surface of anterior scalenus muscle and protect it. 
After partial transection of the anterior scalene 
muscle, the C5-T1 nerve roots are visualized.

Second, track the C7 nerve on the nonpara-
lyzed side distal to the back of clavicle. The ante-
rior and posterior divisions are transected at its 
distal end. In this process, some tiny nerve 

branches that come from the upper and lower 
trunks should be protected. The merging point 
between posterior divisions of middle and lower 
trunk is variable. Besides, the posterior division 
of lower trunk is relatively thin but functionally 
important. Therefore, much more care should be 
taken to prevent damage (Fig. 28.2a, b).

Third, track the C7 nerve proximal to the fora-
men intervertebrale. Some details are mentioned 
as follows. C7 nerve root is exposed after cutting 
partial anterior scalenus muscle. When tracking 
C7 root proximally, tiny branches that joint to the 
long thoracic nerve or enter to the paraspinal 
muscle could be seen. Those small branches 
should be sacrificed when performing contralat-
eral C7 nerve transfer (Fig. 28.2c–e).

Fourth, the C7 nerve in paralyzed body side is 
exposed by similar processes. However, in this 
side, the motor branch of C7 root, jointing to the 
long thoracic nerve, should be preserved 
(Fig. 28.2f).

a

d e f
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Fig. 28.2 (a) Picture showing the anterior division of C7 
nerve jointing to lateral cord, and the posterior division 
jointing to posterior cord. UT upper trunk, MT middle 
trunk, LT lower trunk. (b) After anterior division is tran-
sected, the posterior division of C7 nerve, as well as the 
posterior division of lower trunk, could be seen. The poste-
rior division of lower trunk is functionally important and 
should be carefully protected during operation. MT middle 
trunk, LT lower trunk. (c) Picture showing motor nerve 
branch of C7 root jointing to the long thoracic nerve. When 

performing contralateral C7 nerve transfer, this branch 
needs to be transected. LTN long thoracic nerve. (d) Picture 
showing tiny nerve branch (arrow) entering to the paraspi-
nal muscle. This branch is emitted after C7 root runs out the 
foramen intervertebrale, which also, should be transected in 
operation. (e) Phrenic nerve runs above the C7 root. In 
operation, much more care should be taken. PN Phrenic 
nerve. (f) The paralyzed- sided C7 root is transected nearby 
the foramen intervertebrale. Picture shows a custom-made 
surgical scissor with orthogonal, grooved tip
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 2. Approach Build

In the contralateral side, the vertebral artery 
and its accompanying vein run upward in front of 
the C7 root (Fig. 28.3a). Carefully expose it and 
cut the tendon behind it, which is part of the ten-
don of longus colli ending to the transverse pro-
cess of seventh cervical vertebra.

Separate the space between the sternocleidomas-
toid and the esophagus and trachea, and pull the 
carotid sheath outward. Through this space, the cer-
vical vertebra and paraspinal muscle can be seen. At 
the superior margin of C7 vertebra, we use a vascu-

lar forceps to penetrate the paraspinal muscle down-
ward and outward. Then, the tip of the forceps can 
reach the site of C7 root (Fig. 28.3b).

Use the forceps to expand the route longitudi-
nally and cut the tendon around for prevention of 
potential nerve entrapment.

The contralateral C7 nerve was transferred to 
the space behind the esophagus and trachea via 
the longus colli-traverse approach (Fig.  28.3c), 
and further directed to the space behind the 
carotid sheath in injury side (Fig. 28.3d).

In the paralyzed side, the C7 passes through 
the deep side of the carotid artery and is leaded to 
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Fig. 28.3 (a) Picture showing the C7 nerve and the ver-
tebral artery. VA vertebral artery, LC long colli muscle. 
(b) Picture showing the tip of the forceps reaching the C7 
root. LC long colli muscle. (c) After penetrating the para-
spinal muscle, the contralateral C7 nerve is guided to the 
space between the sternocleidomastoid and the esophagus 
and trachea in the healthy side. CC7 contralateral C7 
nerve, SCN sternocleidomastoid muscle. (d) The contra-
lateral C7 nerve is guided to the paralyzed side through 
the space between esophagus and cervical vertebra. CC7 
contralateral C7 nerve, SCN sternocleidomastoid muscle. 

(e) The paralyzed-sided C7 nerve is transected. SCN ster-
nocleidomastoid muscle. (f) The paralyzed-sided C7 
nerve is guided deep through the carotid sheath to the 
medial space of ipsilateral sternocleidomastoid and meets 
with the nonparalyzed-sided C7 nerve. UT upper trunk, 
SCN sternocleidomastoid muscle. (g) Pictures showing 
bilateral C7 nerve before anastomosis. CC7 contralateral 
C7 nerve. (h) Pictures showing bilateral C7 nerve after 
anastomosis. CC7 contralateral C7 nerve. (i) Illustrations 
showing anastomosis between bilateral C7 nerves in front 
of cervical vertebra
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the medial side of the sternocleidomastoid mus-
cle (Fig. 28.3e, f).

Finally, the nonparalyzed-sided C7 nerve is 
anastomosed to the paralyzed-sided C7 nerve 
directly and tension freely (Fig. 28.3g, h and i).

 Postoperative Monitoring

It is the same as contralateral C7 nerve transfer in 
treating BPAI, the neck and the should be immo-
bilized with a brace for 3 weeks with arm against 
the chest, elbow flexed, and neck in neutral posi-
tion. And rehabilitation protocol is performed 
instantly after removal of the splint.

 Recovery Process Following Surgery

There were two recovery stages after the surgery. 
The initial phase of recovery after surgery was 
characterized by the release of spasticity, which 
usually started as early as the first postoperative 
day and continued to 12 months (Fig. 28.4). This 
release of spasticity may have been a result of 
sectioning of the proximal C7 nerve, which con-
tains nerve fibers from gamma motor neurons 
that innervate muscle spindles and maintain mus-
cle tone. The scores on the Modified Ashworth 
Scale, a measure of spasticity, correspondingly 
started to decrease in the paralyzed elbows and 
wrists immediately after surgery. The second 
phase of recovery was characterized by improve-
ments in muscle power and motor function, 
which were most evident beginning at approxi-
mately month 10, possibly reflecting the time 
course of nerve fiber regeneration through the 
gap between the distal end of the transplanted 
nerve and most distally, on the side of the para-
lyzed hand.

The progress of nerve fiber regeneration could 
be estimated by physical examination of Tinel’s 
sign, tapping C7 nerve targeting muscles and 
nerves (pectoralis major muscle, latissimus dorsi 
muscle, radial nerve groove, or supinator tunnel 
of radial nerve in the forearm). The patient would 
report a slight tingling sensation in the tips of the 
unaffected thumb, index, and middle fingers 
while tapping these sites. Along with nerve 

regeneration, from the proximal to the distal, a 
positive Tinel’s sign was induced by testing the 
pectoralis major muscle (about post-operative 
month 4), latissimus dorsi muscle (about post- 
operative month 4), the radial nerve groove in the 
upper arm (about post-operative month 6), and 
the supinator tunnel of radial nerve in the forearm 
(about post-operative month 8) of the paralyzed 
side. These findings indicated that nerve fiber 
regeneration had reached the forearm at post- 
operative month 8 and the muscle power and 
motor function started to improve. The electro-
myography (EMG) and transcranial magnetic 
stimulation (TMS) evoked responses also veri-
fied the completion of nerve fiber regeneration. 
Therefore, at post-operative month 10, all patients 
showed significantly increased Fugl-Meyer 
scores. But the extent of recovery differed among 
patients.

 Complications

The most common complications following con-
tralateral C7 nerve transfer surgery in the treat-
ment of spastic hemiplegia were slight weakness 
in elbow/wrist extension and numbness in thumb, 
index, and middle fingers. Some patients also 
reported temporary pain and foreign body sensa-
tion while swallowing.

In our phase II clinical trial, treatment-related 
adverse events included limb or shoulder pain in 
13/18 surgery patients (72.2%) and in 8/18 con-
trol patients (44.4%); foreign body sensation 
while swallowing in 12/18 surgery patients 
(66.7%); fatigue in 15/18 (83.3%) and numbness 
in 16/18 (88.9%) surgery patients; decreased 
power of elbow extension in 15/18 (83.3%) and 
wrist extension in 16/18 (88.9%), and attenuated 
sensory function in 16/18 (88.9%) surgery 
patients. In the surgery group, weakness disap-
peared in 13 of the 15 patients, and numbness 
disappeared in 15 of the 16 patients within 
3 months. Sensorimotor changes were absent in 
all patients at month 6. There were no significant 
differences in sensorimotor functions between 
baseline and post-operative month 12 in the non-
paralyzed limb except for a decrease in sensory 
function in the index finger. Based on our clinical 
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experiences in more than 400 cases, it is a safe 
surgical procedure.

 Progresses

The major mechanism for motor recovery fol-
lowing contralateral nerve transfer was enhanc-
ing the contralesional hemisphere’s control over 
the hemiplegic extremity. Therefore, we further 
applied this concept to the hemiplegic lower 
extremity. In our experimental study, contralat-

eral L6 transfer was applied in the treatment for 
hemiplegic hindlimbs after unilateral hemisphere 
injury in adult rats. Behavioral evidence from 
beam and ladder rung walking tests and CatWalk 
gait analysis was employed to verify its feasibil-
ity. It indicated that contralateral L6 nerve trans-
fer could be a promising and safe surgical 
approach for improving motor recovery of the 
hemiplegic hindlimb following unilateral central 
neurologic injury in adult rats [30].

Clinically, we used contralateral hemi-L5 
nerve transfer for the treatment of incomplete 
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Fig. 28.4 Sensorimotor functions of bilateral hands of 
12 months follow-up in the contralateral C7 nerve transfer 
surgery group [28]. (a, b) The tactile threshold and two- 
point discrimination (2-PD) results in the surgery group 
(mean  ±  SD). *significant difference in the intergroup 
comparison of the incremental value (comparing with 
baseline value) at each follow-up visit; Φ significant dif-
ference in the intergroup comparison of the incremental 

value (comparing with 2-month post-op value) at each 
follow-up time (P  <  0.05). (c) The frequency chart of 
patient number in each muscle power level in elbow and 
wrist extension. *significant difference in the intergroup 
comparison of category changes (comparing with base-
line value); Φ significant difference in the intergroup 
comparison of category changes (comparing with 2-month 
post-op value) (P < 0.05)
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spinal cord injury patients with unilateral lower 
limb dysfunction in two male patients. Muscle 
strength transiently decreased in the donor-side 
before recovery within 12  months postopera-
tively. Muscle strength significantly improved 
2  years postoperatively. The Fugl-Meyer score 
increased from 7 to 14 and 15, respectively. And 
the patients regained independent walking ability 
with crutches. The study suggested that contralat-
eral hemi-L5 nerve transfer was safe and could 
benefit incomplete spinal cord injury patients 
with unilateral lower limb dysfunction [31].
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The Harvest of a Free Innervated 
Functional Gracilis Muscle and Its 
Use in Brachial Plexus Injuries

Jennifer L. Giuffre and Alexander Y. Shin

 Introduction

Reconstructive surgery has been revolutionized 
by the discovery of muscle and myocutaneous 
flaps. One of the first flaps to be recognized and 
utilized was the gracilis muscle. The entire mus-
cle could be elevated reliably on its dominant 
vascular pedicle and transposed locally around 
the perineal and pelvic region. Pickerell et  al. 
used the gracilis muscle to correct anal inconti-
nence and later urinary incontinence [1, 2]. 
Historically, the gracilis flap was used to cover a 
variety of defects including the sole of the foot 
[3], reconstruct the penis [4], and repair perineal 
fistulas and sinuses [5, 6]. McCraw et al. reported 
the first large “island” myocutaneous flap experi-
ence in which they employed the gracilis muscle 
for vaginal reconstruction [7].

The discrete and independent myocutaneous 
vascular territory of the gracilis muscle and the 
overlying skin was initially delineated by inject-
ing a thin latex suspension into the major muscu-

lar arteries of 12 live mongrel dogs [8]. 
Subsequently, similar latex injections were per-
formed in human specimens [8]. In 1976, Harii 
et al. employed the direct transfer of a free graci-
lis musculocutaneous flap by microvascular 
anastomosis for the reconstruction of three differ-
ent defects: a facial defect, an unstable scar over 
the tibia, and a scalp defect [9].

The use of the gracilis muscle evolved from 
being used for coverage to being used for func-
tion. Manktelow and McKee in 1978 described 
the use of a free, innervated functioning gracilis 
muscle to replace finger flexor musculature 
destroyed by Volkmann’s ischemic contracture 
in 1975 [10]. Harii et al. similarly described use 
of a free functional gracilis muscle to replace 
muscles of facial expression in long-standing 
Bell’s palsy [11]. Ikuta et al. in 1979 described 
the first application of using a free functioning 
gracilis muscle flap to restore elbow flexion in a 
boy with a 10-year-old brachial plexus injury 
[12]. Since then, the use of the free innervated 
myocutaneous gracilis flaps in brachial plexus 
reconstruction has become an invaluable tool to 
restore elbow flexion, prehension, and rudi-
mentary grasp. In a complete brachial plexus 
injury, Doi et al. reported the restoration of fin-
ger flexion and extension as well as elbow flex-
ion and extension with a double free gracilis 
muscle transfer in conjunction with multiple 
nerve transfers [13].
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 Gracilis Muscle Anatomy

The gracilis muscle is situated in the medial thigh 
and is the most superficial of the adductor muscle 
group (Fig.  29.1). It originates from the lower 
half of the symphysis pubis and the medial por-
tion of the inferior pubic ramus by a thin aponeu-
rosis. This muscle is flat proximally and courses 
distally and longitudinally ending in a round ten-
don which passes posterior to the medial condyle 
of the femur and inserts into the medial surface of 
the proximal portion of the tibia at the pes anser-
ine. The gracilis acts as an adductor of the thigh 
and also flexes and medially rotates the leg. It is 

the smallest of the three adductors, which also 
includes the adductor magnus and adductor lon-
gus muscles.

 Gracilis Muscle Vascular Anatomy

The gracilis muscle is a type 2 muscle (one domi-
nant pedicle and minor pedicle(s)) per the Mathes 
and Nahai classification of the vascular anatomy 
of muscles [14]. The larger dominant vascular 
pedicle is capable of sustaining the circulation to 
the muscle after the elevation of the flap and divi-
sion of the distal and minor pedicles (Fig. 29.2).

Located proximally, the dominant vascular 
pedicle is the medial femoral circumflex artery 
and venae comitantes, which originate from the 
profunda femoris artery and vein. Typically this 
vascular pedicle to the gracilis is approximately 
7–12 cm from the groin crease but can be quite 
variable. There are many vascular variations in the 
origin of the nutrient vessels to the gracilis muscle. 
They may branch directly from either the profunda 

Fig. 29.1 The gracilis muscle is situated in the medial 
thigh and is the most superficial of the adductor muscle 
group. (Reproduced with permission of the Mayo 
Foundation, Copyright 2011)

Fig. 29.2 The medial circumflex artery is the dominant 
vascular pedicle to the gracilis that courses beneath the 
adductor longus muscle and superficial to the adductor 
magnus muscle, entering the medial, deep aspect of the 
gracilis muscle, approximately 10 cm inferior to the pubic 
tubercle. The angiogram depicts the dominant artery aris-
ing directly from the profunda femoris artery. (Pictures 
courtesy of Drs. T.E. Hayakawa and E.W. Buchel from the 
University of Manitoba, Canada)
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femoris vessels or the medial  circumflex femoral 
vessels [9]. Without exception, the pedicle courses 
beneath the adductor longus muscle and superfi-
cial to the adductor magnus muscle, providing 
branches to each of these muscles. The pedicle ter-
minates as two or three branches entering the 
medial, deep aspect of the gracilis muscle, approx-
imately 10  cm inferior to the pubic tubercle 
(Fig. 29.3). The length of the pedicle is 6–8 cm 
from the profunda femoris vessels and has a vessel 
diameter of approximately 1.6–1.8 mm.

The veins of the gracilis muscle are located 
with the arterial pedicle as paired venae comitan-
tes. The entire muscle and proximal half of the 
cutaneous territory are adequately drained by the 
paired venae comitantes associated with the 
medial femoral circumflex artery. The venae even-
tually drain into the deep veins associated with 
profunda femoris artery. The proximal veins of the 
dominant pedicle have an external lumen diameter 
of 1.5–2.5 mm and a pedicle length of 6–8 cm.

The minor vascular pedicle(s) include one or 
two branches of the superficial femoral artery and 
venae comitantes. These pedicles are approximately 
2 cm in length and 0.5 mm in diameter. They are 
located within the distal half of the muscle.

 Gracilis Muscle Neural Anatomy

The motor nerve of the gracilis muscle is the 
anterior branch of the obturator nerve (L2, L3, 
L4). The nerve enters the muscle approximately 

2–3 cm superior to the point of entrance of the 
major vascular pedicle and nearly constantly at a 
45 degree angle to the muscle (Fig.  29.4). The 
motor nerve may be dissected proximally 
between the adductor longus and adductor mag-
nus muscles to increase donor nerve length. This 
motor nerve gives branches to the adductor mus-
cles as well. To further increase the length of the 
nerve harvested with the gracilis muscle, in cases 
where a long nerve pedicle is required, the nerve 
branches to the adductor muscles can be care-
fully dissected from the gracilis motor branch in 
an interfascicular fashion.

The motor nerve runs with the sensory nerve 
along the medial surface of the adductor longus 
muscle. There are small sensory branches from the 
obturator nerve that enter the medial thigh skin, 
although no specific sensory branch can be located 
consistently. The skin territory of the gracilis is 
innervated by branches of the anterior femoral 
cutaneous nerve of the thigh (L2 and L3).

Fig. 29.3 The pedicle terminates as two or three branches 
entering the medial, deep aspect of the gracilis muscle, 
approximately 10  cm inferior to the pubic tubercle. 
(Pictures courtesy of Drs. T.E. Hayakawa and E.W. Buchel 
from the University of Manitoba, Canada)

Fig. 29.4 The nerve enters the muscle approximately 
2–3 cm superior to the point of entrance of the major vas-
cular pedicle and nearly constantly at a 45 degree angle to 
the muscle
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 Gracilis Muscle Flap 
and Myocutaneous Flap

 Gracilis Muscle Flap Dimensions

The gracilis muscle measures approximately 
5–6 cm in width and 24–30 cm in length and has 
an additional 10–12 cm of tendon (Fig. 29.5). If 
the gracilis muscle is harvested with a cutaneous 
portion, the musculocutaneous flap reliably mea-
sures 6–8 cm in width and 24 cm in length. The 
muscle is thin and flat proximally (measuring 
2–5 cm in thickness, depending on the size of the 
individual), becomes round in the midportion, 
and tapers to the size of the gracilis tendon 
distally.

 Gracilis Muscle Flap Skin Territory

The medial thigh skin is not entirely vascularized 
by musculocutaneous perforating vessels from 
the gracilis. The clinically reliable island of skin 
based on the gracilis measures 8 × 24 cm and is 
usually designed over the proximal two-thirds of 
the muscle [8, 15]. Survival of the proximal cuta-
neous territory requires adequate localization of 
the skin territory over the muscle and careful 
preservation of the musculocutaneous perforat-
ing vessels. Perforating musculocutaneous arter-
ies are small, are less than 0.5 mm in diameter, 
and are distributed mostly over the proximal por-
tion of the muscle [15]. The skin over the distal 

third of the muscle is not reliable with division of 
the minor pedicles(s). Local transposition or free 
transfer of the gracilis with the proximal two- 
thirds skin island is a reliable flap.

McCraw and Dibbell described the relation-
ship of cutaneous blood supply to subadjacent 
muscle vascular territories by injecting a thin 
latex suspension into human specimens [8]. They 
demonstrated hundreds of minute vessels passing 
to the skin through the deep fascia. At the level of 
the deep fascia (not the investing muscular fas-
cia), there is a dense lateral arborization of ves-
sels on either side of the fascia. These minute 
vessels form a plexus on the superficial surface of 
the deep fascia. From this location, the vessels 
pass perpendicularly outward to the skin. To help 
improve the survival of the skin flap, it is best to 
include the fascia within the flap [8].

 Innervated Free Functional 
Gracilis Flap

The strength of a muscle is directly proportional 
to the physiological cross-sectional area of the 
muscle fibers. It has been suggested that follow-
ing transplantation, the muscle will atrophy to 
25–50% of the pre-transfer size [9, 16].

It can be estimated that, with maximum con-
traction, a muscle can shorten between 40% and 
57% of its fully stretched length [17, 18]; there-
fore, the degree of shortening of the gracilis, with 
a 30  cm long muscle belly, would be at least 

a

b

Fig. 29.5 (a) The 
gracilis muscle measures 
approximately 5–6 cm 
in width, 24–30 cm in 
length and has an 
additional 10–12cm of 
tendon. (b) The vascular 
pedicle and the nerve are 
illustrated entering the 
deep surface of the 
muscle. Printed with 
permission of the Mayo 
Foundation for Medical 
Education and Research. 
All rights reserved, 
copyright 2010
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12 cm of its normal state (30 cm × 40%) [10]. 
This allows for a rough calculation of a muscle’s 
contractile range by measuring the muscle fiber 
length. In a strap muscle, such as the gracilis, the 
muscle fibers are arranged parallel to the line of 
pull of the muscle and the bundles of muscle 
fibers run the full length of the muscle.

Manktelow explained that a muscle develops its 
greatest contractile force at its physiological stretched 
resting length and has less amount of contractile 
force as the muscle shortens [10]. As such he recom-
mended that if the gracilis is to be used as a functional 
muscle for finger flexion, it is desirable to insert the 
muscle into the forearm so that it is stretched maxi-
mally when the fingers and wrist are extended. This 
will give the desired contractile force when the wrist 
and fingers are in a neutral position. He also noted 
that if the full range of contraction is employed, the 
last portion of the range of contraction usually cannot 
be carried out against significant resistance; there-
fore, the last few centimeters of contraction should 
not be expected to be useful in finger flexion where 
the requirement is for good strength at full finger flex-
ion. A muscle should then be selected that normally 
has an amplitude of motion greater than the desired 
range of motion in its transplanted site [10].

 The Technique of Gracilis Muscle 
Flap Harvest

The gracilis flap may be designed with or without 
a cutaneous portion for local or distant coverage 
of defects or as a functional muscle. The gracilis 
musculocutaneous flap requires careful planning 
since the muscle is narrow and the overlying skin 
is not adherent to the muscle.

Although there are many different methods of 
harvest, a majority if not all harvest methods 
begin proximally. The indication of the gracilis 
flap will determine the technique of harvest. If a 
small innervated gracilis is needed for facial 
reanimation, a proximal incision is used. If the 
complete length of the gracilis muscle and ten-
don with or without a skin paddle is required for 
restoration of elbow flexion or prehension in 
patients with brachial plexus injuries, it has been 
the experience of the authors to commence with a 

distal dissection either at the distal insertion of 
the gracilis at the pes anserine or at the distal 
medial thigh at the myotendinous junction. This 
method of harvest allows reliable identification 
of the overlying skin paddle, particularly in 
patients who have redundant or obese medial 
thighs. The following section will describe the 
distal-incision-first technique.

In the standing position, the gracilis muscle can 
be topographically identified by drawing a line 
between the proximal pubic tubercle and the distal 
gracilis muscle tendinous insertion at the pes 
anserine. Before the patient is placed in lithotomy 
or any other position involving flexion of the knee 
and hip, the topographic guideline should be 
drawn onto the patient as the landmarks may 
migrate and become inaccurate with posture 
changes. If a cutaneous portion of the flap is to be 
included, it is outlined slightly posterior to the line 
drawn from the pubic tubercle to the pes anserine 
of the knee. The anterior border of the skin paddle 
should lie on this topographic line and may be 
extended posterior 6–9  cm to allow for primary 
closure. The skin paddle should be centered over 
the gracilis muscle and contain a cutaneous perfo-
rator that is detected with an audible handheld 
Doppler signal. The skin paddle design is con-
firmed once the distal gracilis tendon has been 
identified as described later in the chapter. The 
location of the dominant vascular pedicle into the 
medial muscle belly, approximately 10  cm from 
the pubic tubercle, must be considered in the 
design of the skin island on the muscle belly. In the 
operating room, the patient is positioned supine 
with the legs externally rotated and abducted.

 Distal Dissection First (Full-Length 
Myocutaneous Innervated Flap) 
Technique

If a full-length gracilis is needed, the gracilis ten-
don at the pes anserine can be identified via a 
3 cm longitudinal incision over the pes anserine 
and a 4  cm longitudinal incision in the distal 
medial thigh (Fig. 29.6). At the pes anserine, the 
gracilis tendon can be easily palpated as the most 
superior tendinous insertion. The inferior tendon 
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at the pes anserine is the semitendinosus tendon. 
The gracilis and semitendinosus tendons are cov-
ered by sartorius fascia (Fig. 29.7). A longitudinal 

incision is made over the tendons and the sartorius 
fascia is incised. Dissection is carried between the 
tendons until the medial collateral ligament of the 

a b

Fig. 29.6 When a full length gracilis is needed, the har-
vest begins distally where the gracilis tendon at the pes 
anserine can be identified via. (a) 3 cm longitudinal inci-
sion over the pes anserine and a 4 cm longitudinal incision 

in the distal medial thigh and (b) A proximal thigh inci-
sion/skin paddle. Printed with permission of the Mayo 
Foundation for Medical Education and Research. All 
rights reserved, copyright 2010

a b

Fig. 29.7 The gracilis and semitendinosis tendons are 
covered by sartorius fascia which is demonstrated in. (a) 
An intraoperative photo as well as. (b) A line drawing. 

Printed with permission of the Mayo Foundation for 
Medical Education and Research. All rights reserved, 
copyright 2010
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knee is visualized. Umbilical tape is placed 
around the superior, gracilis tendon, and the mul-
tiple soft tissue attachments to the gracilis tendon 
are divided (Fig. 29.8). A 4 cm incision is made 
over the distal medial thigh, where the myotendi-
nous portion of the gracilis is identified. The grac-
ilis is pulled to confirm the gracilis tendon 
previously identified inserting into the proximal 
tibia. All soft tissue attachments to the gracilis are 
divided between these two incisions (Fig. 29.9).

Once the gracilis muscle/tendon has been 
identified distally, traction can be applied to the 
muscle/tendon proximally, causing the entire 
muscle to “bowstring,” thus outlining the specific 

area of cutaneous territory overlying the muscle 
that may be incorporated into the musculocutane-
ous flap if required (Fig. 29.10). When the skin 
island is placed directly over the muscle, the skin 
dimensions include the proximal two-thirds of the 
medial thigh skin with a maximum width of 8 cm. 
The location of the dominant vascular pedicle into 
the medial muscle belly, approximately 10  cm 
from the pubic tubercle, must be considered in the 
design of the skin island on the muscle belly. A 
handheld, sterile Doppler device can be used to 
identify and mark skin perforators overlying the 
proximal gracilis muscle (Fig. 29.11). An ellipti-
cal-shaped incision is drawn slightly  anterior to 

a b

Fig. 29.8 (a) Once the overlying sartorius fascia is divided, 
umbilical tape is placed around the superior, gracilis ten-
don, and the multiple soft tissue attachments to the gracilis 
tendon are divided. (b) At the pes anserine, the gracilis ten-

don is the most superior tendinous insertion while the infe-
rior tendon is the semitendinosis tendon. Printed with 
permission of the Mayo Foundation for Medical Education 
and Research. All rights reserved, copyright 2010

a b

Fig. 29.9 All soft tissues attachments to the gracilis are 
divided between the two incisions at the pes anserine and 
the distal medial thigh as seen in. (a) An intraoperative 

photo as well as. (b) A line drawing. Printed with permis-
sion of the Mayo Foundation for Medical Education and 
Research. All rights reserved, copyright 2010
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the anterior border of the gracilis muscle, centered 
about the identified skin perforators.

The proximal thigh incision is made along the 
anterior border of the skin paddle, and dissection 
is carried towards the adductor longus (Fig. 29.12). 
The fascia of the adductor longus is incised longi-
tudinally, and the fascial edge is sewn to the skin 
paddle edge to avoid shear and traction on muscu-
locutaneous perforating vessels (Fig.  29.13). In 
the interval between the adductor longus and 
gracilis muscles, the fascia of the adductor longus 
is gently retracted to expose the obturator nerve 
and the dominant proximal artery and venae com-
itantes. The adductor longus muscle is retracted 
medially and superiorly, while the vascular perfo-

rators to the adductor longus are carefully dis-
sected and ligated. Caution to aggressive 
dissection should be made as the medial femoral 
circumflex vessels are tented up against the 
adductor longus and can be iatrogenically injured. 
Once the perforators to the adductor longus are 
ligated, the vessels are dissected to the profunda 
femoral artery and vein. The artery and vein are 
isolated proximally, and vessel loops are placed 
around each vessel. For an innervated flap to be 
used, the obturator nerve is identified entering the 
deep surface of the gracilis obliquely to the vascu-
lar pedicle and stimulated with a disposable nerve 
stimulator to verify contraction. A vessel loop is 
placed around the nerve, and the dissection pro-

Fig. 29.10 Once the gracilis muscle/tendon has been 
identified, traction can be applied to the muscle/tendon 
proximally, causing the entire muscle to “bowstring,” thus 
outlining the specific area of cutaneous territory overlying 
the muscle that may be incorporated into the musculocu-
taneous flap if required

Fig. 29.11 A handheld, sterile Doppler device can be 
used to identify and mark skin perforators overlying the 
proximal gracilis muscle

a b

Fig. 29.12 (a) An elliptical shaped incision is drawn 
slightly anterior to the anterior border of the gracilis mus-
cle, centered about the identified skin perforators. The 
proximal thigh incision is made along the anterior border 
of the skin paddle and dissection is carried towards the 

adductor longus. (b) The fascia of the adductor longus is 
incised longitudinally. Printed with permission of the 
Mayo Foundation for Medical Education and Research. 
All rights reserved, copyright 2010
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gresses as far proximal as possible. To gain nerve 
length, the nerve branches to the adductor mus-
cles are carefully dissected in an interfascicular 
fashion from the gracilis motor branch. Typically, 
a nerve pedicle of 8–12 cm can be obtained.

The posterior skin paddle incision is made, 
and dissection is carried to the level of the adduc-
tor magnus muscle. The adductor magnus fascia 
is incised longitudinally and reflected with the 
gracilis muscle (Fig. 29.14). Care should be made 
not to expose the gracilis or perforate the gracilis 
fascia. Ultimately a fascial sleeve around the 

proximal gracilis (the adductor longus, adductor 
magnus, and semitendinosus fascia) and its skin 
paddle remain.

Between the two thigh incisions, blunt finger 
dissection is performed in a subfascial plane. 
The secondary pedicle can often be felt or seen 
and is ligated. The distal tendon of the gracilis is 
then detached from the pes anserine and passed 
first into the distal thigh incision and then passed 
to the proximal thigh incision. The gracilis mus-
cle is gently delivered out of the proximal inci-
sion (Fig.  29.15). The fascia of the adductor 

a

b

c

Fig. 29.13 (a) The fascia of the adductor longus is incised 
longitudinally and (b) The fascial edge is sewn to the skin 
paddle edge to avoid shear and traction on musculocutaneous 
perforating vessels. (c) In the interval between the adductor 
longus and gracilis muscles, the fascia of the adductor longus 

is gently retracted to expose the obturator nerve and the dom-
inant proximal artery and venae commitantes. A cross-sec-
tion view is seen on the left of the figure. Printed with 
permission of the Mayo Foundation for Medical Education 
and Research. All rights reserved, copyright 2010
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a

c

b

Fig. 29.14 The adductor magnus fascia is incised longi-
tudinally and reflected with the gracilis muscle as seen in 
an intraoperative photo (a) and a line drawing (b). A 

cross-section view is seen in (c). Printed with permission 
of the Mayo Foundation for Medical Education and 
Research. All rights reserved, copyright 2010

a b

Fig. 29.15 (a) The distal tendon of the gracilis is then 
detached from the pes anserine and passed first into the 
distal thigh incision, and then passed to the proximal thigh 
incision. (b) The gracilis muscle is gently delivered out of 

the proximal incision. Printed with permission of the 
Mayo Foundation for Medical Education and Research. 
All rights reserved, copyright 2010
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magnus is transversely divided at the distal edge 
of the gracilis. At this point, the only attach-
ments of the gracilis are to the tendinous origin 
at the pubic tubercle and the vascular pedicle 
(Fig. 29.16).

The gracilis muscle is replaced back into its 
native bed, and the proximal attachment is 
addressed. The proximal attachment is tendinous 
laterally and more muscular medially. The ten-
don is dissected off the adductor longus tendon, 
and using an angled electrocautery tip, the graci-
lis tendon is detached from the pubic rami 
(Fig.  29.17). The flap harvest is now complete 
and is perfusing from its pedicle. A papaverine- 
soaked sponge is placed over the vessels until the 

recipient site has been prepared. Once the recipi-
ent site is ready for the transfer, the pedicle of the 
gracilis is ligated.

The three donor site incisions are closed pri-
marily over suction drains. The donor deficit is 
minimal, and the three small donor scars are 
acceptable in the medial thigh.

 Insetting of the Free Innervated 
Gracilis Flap

The application of the free innervated gracilis 
flap will determine how it is inset, what vessels 
are used, and what nerve will innervate the flap. 
Secure and strong proximal attachments of the 
gracilis at the recipient site are first performed fol-
lowed by vascular anastomosis. Reestablishment 
of vascular flow within 60 minutes of ischemia 
time is ideal. Following vascular anastomosis, 
coaptation of the donor motor nerve to the obtu-
rator branch of the gracilis is performed under 
an operating microscope. Finally, tensioning of 
the gracilis is performed. Placement of sutures 
every 5 cm into the muscle to obtain ideal resting 
length of the muscle has been recommended by 
Manktelow and McKee [10]. In brachial plexus 
reconstructions, however, the authors found that 
tensioning the gracilis flap such that the elbow 
is maintained in 30 degrees of flexion at rest is a 
reliable way of tensioning the muscle.

Fig. 29.16 The only attachments of the gracilis are to the 
tendinous origin at the pubic tubercle and the vascular 
pedicle

a b

Fig. 29.17 (a) The proximal attachment is tendinous lat-
erally and more muscular medially. (b) The tendon is dis-
sected off the adductor longus tendon and adductor 
magnus muscles, and using an angled electrocautery tip 

(bent by the surgeon), the gracilis tendon is detached from 
the pubic rami. Printed with permission of the Mayo 
Foundation for Medical Education and Research. All 
rights reserved, copyright 2010
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 Advantages of the Gracilis Flap

The gracilis muscle harvested as a flap is reliable, 
and the anatomy is consistent with few anatomic 
variants. The muscle is pliable, with minimal 
bulk and can be tailored to fill the dimensions of 
a small defect. A cutaneous skin paddle may be 
incorporated into the flap to supplement the 
reconstruction or monitor the flap. Alternatively, 
the gracilis muscle can be harvested without a 
cutaneous component and covered by a skin 
graft. During harvest of the gracilis muscle flap, a 
simultaneous recipient site may be prepared. The 
gracilis muscle flap may be innervated for func-
tional use in facial reanimation or upper extrem-
ity movement restoration. The muscle may even 
be split as is required in facial muscle replace-
ment. The donor site is closed with an acceptable 
medial thigh scar and without a donor site func-
tional deficit.

Prerequisites for using a free, functional, inner-
vated flap in the upper extremity include a recipient 
site with a suitably located artery and vein to be 
used for anastomosis to the muscle’s vessels; a 
donor muscle supplied by a single major neurovas-
cular pedicle (i.e., gracilis or equivalent muscle); 
an available donor motor nerve to innervate the 
transferred muscle; a donor muscle with adequate 
excursion, strength, and contractility; and an 
expendable donor muscle. Additional factors 
affecting the speed and extent of muscle recovery 
following transfer appear to be related to the isch-
emia time, the distance from the neurorrhaphy to 
the muscle flap motor end plates, and the technical 
adequacy of the neurorrhaphy. The maximum isch-
emia time of a muscle at room temperature is 
unknown. Our preference is to restore blood flow 
within 60  minutes; however, 90–120  minutes 
appears to be safe based on the literature.

 Disadvantages of the Gracilis Flap

Without the cutaneous component of the gracilis 
flap, the muscle is covered with a skin graft. The 
skin graft can be unsightly and cause tethering of 
the muscle thereby inhibiting muscle excursion 
and glide. The muscle power and bulk may be 

excessive in facial reconstruction but not ade-
quate enough in upper extremity reconstruction. 
An occasional complaint of patients has been 
hyperesthesia, particularly in the distal thigh, 
presumably caused by iatrogenic injury to the 
cutaneous branch of the obturator nerve, which 
courses near the vascular pedicle. Patients may 
also complain of the scarring to the medial aspect 
of the thigh.

 Indications for the Gracilis Flap

A functional gracilis flap has been described for 
facial reanimation, elbow flexion, and finger and 
wrist flexion and extension in brachial plexus 
injury patients. Recently, TUG (transverse upper 
gracilis) flaps have been described for breast 
reconstruction following a skin-sparing mastec-
tomy. The gracilis muscle has also been used to 
restore quadriceps function (Fig. 29.18) and ante-
rior tibialis function (Fig.  29.19). Other recon-
structive indications for this flap include coverage 
of any small defects, vaginal and penile recon-
struction, coverage of pressure sores in the groin 
and perineum, rectal sphincter reconstruction, 
reconstruction of urethrocutaneous and vesicocu-
taneous fistulas as well as vesicovaginal and 
 rectovaginal fistulas, and correction of intractable 
vaginal prolapse (Table 29.1).

 Elbow Flexion in Brachial Plexus 
Patients

When the time from brachial plexus injury to pre-
sentation is more than 9–12 months, a free func-
tioning muscle transfer in conjunction with an 
extraplexal motor nerve transfer to restore elbow 
function is recommended. Free functioning mus-
cles transferred for a specific purpose should 
have the strength and excursion comparable to 
the paralyzed muscles they are replacing [31]. A 
variety of free functioning muscles can be trans-
ferred, including the latissimus dorsi (thora-
codorsal nerve), the rectus femoris (femoral 
nerve), and the gracilis (anterior division of the 
obturator nerve). The gracilis has become a com-
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a b

c d

Fig. 29.18 Reconstruction of a quadriceps muscle using 
a free functioning innervated gracilis muscle from the 
contralateral leg. The debrided quadriceps muscle is seen 
in (a) the free functioning innervated gracilis attached 
proximally into the origin of the rectus femoris muscle 

and distally into the remnant of the quadriceps tendon in 
the bottom left picture (b). Postoperative pictures taken at 
18  months (c and d). (Pictures courtesy of Drs. 
T.E. Hayakawa and E.W. Buchel from the University of 
Manitoba, Canada)

a b

Fig. 29.19 (a) Complete necrosis of the anterior tibialis 
muscle following anterior compartment syndrome. (b) 
Reconstruction of anterior tibialis muscle using an inner-

vated free functioning gracilis muscle. (Pictures courtesy 
of Drs. T.E. Hayakawa and E.W. Buchel from the 
University of Manitoba, Canada)
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monly transferred muscle because of its reliable, 
proximally based neurovascular pedicle (allows 
earlier reinnervation) and its long tendon length 
(which has the potential to restore elbow flexion, 
wrist extension, or finger flexion) [30]. The free 
functioning muscle transfers may be powered by 
either two to three intercostal motor nerves or the 
spinal accessory nerve. Proximally, the gracilis is 
secured to the clavicle, while distally the gracilis 
tendon is woven into the biceps tendon 
(Fig. 29.20). 79% of the gracilis free functioning 
muscle transfers for elbow flexion alone achieved 
at least M4 strength [31].

 Hand Function Restoration 
in Brachial Plexus Patients

Despite favorable results for early nerve grafting 
and transfer techniques for the shoulder and 
elbow function, reported results of grafting or 
nerve transfers for hand function have been less 
favorable [31]. Hand function requires restora-
tion of both grasp and release in addition to the 
adequate positioning of the hand in space. 
Intrinsic muscle function and wrist or digital 
movement cannot readily be restored by nerve 
transfers; therefore, either a single or double 

Table 29.1 Indications for gracilis flap

References Advantages Disadvantages
Genitourinary 
reconstruction
  Vaginal 

reconstruction
  Penile 

reconstruction
  Anal sphincter 

reconstruction

McCraw et al. [7]
Cronje and Van 
Zyl [19]
Soper et al. [20]
Nahai [21]
Mathes and Nahai 
[15]
Orticochea [3, 4]
Hester et al. [22]
Song et al. [23]

Brings vascularity and bulk to fill the 
soft tissue deficit
Pliable
Epithelial surface in musculocutaneous 
flaps for lining
Hastens recovery after radical ablative 
surgery for tumor resection, especially 
in cases with adjunctive radiotherapy

Location and bulk of the 
vascular pedicle may hinder 
flap mobility
Upper thigh bulge of tissue 
secondary to rotated gracilis 
flap
Atrophy
Aesthetics
Possible prolapse

Small wound defect 
coverage
  Perineal and pelvis
  Extremity
  Facial defects 

(orbital 
exenteration, 
maxillectomy)

  Contour defects 
(hemifacial atrophy)

Mathes and Nahai 
[15]
Conway and 
Griffith [24]
Foster et al. [25]

Promotes healing by introducing 
vascular supply
Has greater bulk for obliterating dead 
space

Muscle is more susceptible to 
ischemic necrosis than the 
skin or subcutaneous tissue

Facial reanimation Frey [26]
Harii et al. [9, 11]
Harii and Asato 
[27]
Zuker [28]

Muscle fibers are parallel and show a 
long amplitude of contraction
Thin muscle with minimal bulk
A portion of the muscle can be used

Muscle power and bulk may 
be excessive for facial 
reanimation

Upper extremity 
movement restoration

Ikuta et al. [12]
Manktelow and 
McKee [10]
Doi et al. [29]
Shin et al. [30]
Bishop [31]

Long tendon length
Able to achieve M4 muscle strength
Adequate excursion and contractility

Not all patients achieve M4 
muscle strength

Breast reconstruction Yousif et al. [32]
Furnas [33]
Wechselberger 
and Schoeller [34]

Can be an option in thin women 
without adequate abdominal, buttock, 
or back subcutaneous tissue used in 
other flaps
Discrete donor site scarring
Allows aesthetic shaping, contouring, 
and projection of the reconstructed 
breast

For reconstruction of small- 
to medium-sized breasts
Possible complications of 
wound dehiscence and 
lymphedema
Upper thigh contour defect
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gracilis free functioning muscle transfer has been 
proposed.

Doi et al. described a double gracilis transfer 
to provide shoulder stability and function com-
bined with flexion and extension of the elbow, 
hand sensibility, and rudimentary hand grasp and 
release [35]. In the first muscle transfer, the graci-
lis muscle is neurotized by the spinal accessory 
nerve and anastomosed to the thoracoacromial 
trunk to produce elbow flexion and finger or wrist 
extension. Proximally, the gracilis is attached to 
the clavicle and routed distally under the brachio-
radialis to the radial wrist and finger extensors 
(Fig. 29.21). In the second transfer, the gracilis is 
neurotized to motor intercostal nerves and anas-
tomosed to the thoracodorsal artery to create 
 finger flexion (Fig. 29.22). The sensory intercos-
tal nerves are neurotized to the lateral cord con-
tribution to the median nerve for hand sensation. 
Proximally, the gracilis is attached to the second 

rib, routed subcutaneously along the medial 
aspect of the arm, and attached to the finger flexor 
tendons.

The author (AYS) and his colleague (Dr. 
A.T.  Bishop) have made modifications to the 
gracilis free muscle transfer originally described 
by Doi et al. A single gracilis muscle transfer is 
performed to restore elbow flexion and finger 
flexion. The gracilis is secured proximally to the 
clavicle with several suture anchors. The muscle 
is tunneled into the forearm, beneath the pronator 
teres to create a pulley effect, and is provisionally 
placed in its final position. The vascular anasto-
mosis is preferentially performed end to end to 
the thoracoacromial trunk. The neurorrhaphy is 
completed with two motor intercostal nerves or, 
alternatively, the spinal accessory. Triceps reani-
mation is necessary and is typically accomplished 

Fig. 29.20 Proximally the gracilis is secured to the clav-
icle, while distally the gracilis tendon is woven into the 
biceps tendon. (Printed with permission of the Mayo 
Foundation for Medical Education and Research. All 
rights reserved)

Fig. 29.21 In Doi et al.’s [35] first muscle transfer, the 
gracilis is attached to the clavicle proximally and routed 
distally under the brachioradialis to the radial wrist and 
finger extensors. (Printed with permission of the Mayo 
Foundation for Medical Education and Research. All 
rights reserved)
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Fig. 29.23 The graft is tensioned to allow the fingers to 
extend with elbow flexion and allow the fingers and thumb 
to close with elbow extension. (Printed with permission of 
the Mayo Foundation for Medical Education and 
Research. All rights reserved)

Fig. 29.22 In Doi et al.’s [35] second transfer, the graci-
lis is neurotized to motor intercostal nerves and anasto-
mosed to the thoracodorsal artery to create finger flexion. 
(Printed with permission of the Mayo Foundation for 
Medical Education and Research. All rights reserved)

by a spinal accessory to triceps transfer with an 
interposition sural nerve graft. Triceps allows 
agonist function to allow grasp to occur. Distally, 
the flexor digitorum profundus and flexor pollicis 
longus tendons are identified and sutured together 
in a position that creates key pinch and grasp 
with traction. The gracilis tendon is then woven 
into the prepared flexor digitorum profundus and 
flexor pollicis longus tendons using a Pulvertaft 
weave. The graft is tensioned to allow the fingers 
to extend with elbow flexion and allow the fin-
gers and thumb to close with elbow extension 
(Fig. 29.23). At a second stage, wrist, first carpo-
metacarpal, and thumb interphalangeal joint 
arthrodeses are used as adjunctive procedures to 
improve hand function, hand control, and appear-
ance by increasing stability [36].

 Conclusion

Regardless of the technique in harvesting the 
flap, the gracilis muscle flap is a reliable, versa-
tile, expendable muscle which can be used for 
static coverage of wounds and as a dynamic mus-
cle transfer. Recent advances in the harvest of the 
gracilis flap have concentrated on reducing the 
length of the scars to the medial thigh for aes-
thetic improvement.

Various minimally invasive techniques have 
been proposed, all of which aim to reduce scar 
formation. An endoscopic free gracilis muscle 
harvest has been described. Lin et al. (2000) com-
pared the conventional gracilis harvest to that of 
an endoscopic harvest [37]. They found the endo-
scopic technique to be safe, relatively simple, and 
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cost-effective with shorter scar length (6.5  cm 
compared with 15  cm in the conventional tech-
nique) and reduced donor site morbidity. They 
state, however, that the endoscopic technique 
requires training and an extensive learning period. 
Due to the drawbacks of endoscopic techniques 
including the steep learning curve as well as the 
need for special equipment, Bannasch (2009) 
described a semi-open approach to the gracilis 
muscle flap, without endoscopic assistance [38]. 
This approach involves a short inconspicuous 
transverse incision in the groin area with a counter 
incision distally. The mean incision length was 
8.8 cm. The authors of this paper prefer to harvest 
the gracilis muscle with three small incisions: a 
2–3 cm longitudinal incision at the pes anserine, a 
2–3 cm transverse incision in the medial-posterior 
aspect of the distal thigh, and an incision approxi-
mately 7 cm in length to remove the muscle and 
skin paddle in the medial thigh.
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Management of C5–6 Injuries

Chairoj Uerpairojkit and Piyabuth Kittithamvongs

Traumatic C5 and C6 brachial plexus injuries 
result in denervation of the biceps, brachialis, del-
toid, and the rotator cuff muscle. The patients in 
this group incur loss of elbow flexion, forearm 
supination, shoulder abduction, and external rota-
tion. Some of them also have winged scapula [1]. 
The sensation over the dorsoradial area of the hand 
may be lost in some patients, and/or they can expe-
rience neuropathic pain in that area [2]. In case of 
intact and healthy nerve root stump, one of the 
treatment options is nerve grafting. The intact C5 
and/or C6 root can be grafted to the trunk, cord, or 
peripheral nerve by means of an autogenous graft. 
Intraoperative determination of the root stump’s 
viability for grafting can be subjective, and an 
incorrect decision can potentially subject the 
patient to a long and unsuccessful recovery period 
[3]. Recently, a systematic review by Merrel et al. 
demonstrated that for patients with complete upper 
trunk palsy, without clinical or electromyographic 
evidence of recovery at 3–6  months after the 
injury, the functional outcomes for restoration of 
elbow flexion and shoulder function are better by 
using the nerve transfers procedure compared to 
autogenous nerve grafts [4]. On the other hand, 
Bertelli et al. recommended combined use of nerve 

transfers and root grafting which may enhance 
outcomes in the reconstruction of C5–C6 injuries 
of the brachial plexus [5].

In our opinion, if the proximal root stumps are 
not available for grafting (i.e., avulsed) or are 
questionably viable, our treatment recommenda-
tion is for nerve transfers.

Our strategy of nerve transfers in this injury is 
as follows:

 – Spinal accessory nerve (SAN) transfer to 
suprascapular nerve (SSN) for shoulder 
abduction

 – The nerve to long head triceps transfer to the 
anterior branch of the axillary nerve for del-
toid reconstruction (shoulder abduction)

 – Double fascicular nerve transfer for elbow 
flexion (ulnar and median nerve fascicle to 
biceps motor and brachialis motor branch)

 – Thoracodorsal nerve transfer to the long tho-
racic nerve in case of winged scapula

 – End-to-side nerve transfer from superficial 
radial nerve to median nerve in case of pain and 
numbness in the dorsoradial aspect of the hand.

 Spinal Accessory Nerve Transfer 
to Suprascapular Nerve

The SAN is a pure motor nerve, which innervates 
the sternocleidomastoid and trapezius muscles. 
When used as a donor nerve, it is important to 
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isolate the distal branch while preserving the 
proximal branches to the upper and middle trape-
zius to preserve some trapezius function. 
Interposition nerve graft should be avoided 
because it will require two neurorrhaphy sites for 
a single transfer, thereby compromising the 
potential outcome.

 Surgical Technique

The patient is placed in a supine position with a 
sandbag beneath the ipsilateral scapula. The head 
is turned to the contralateral side, and the upper 
part of the body is elevated slightly to reduce 
venous congestion (relaxed beach chair 
position).

Our preferred exposure of the supraclavicu-
lar plexus is through a V-shaped incision 
(Fig.  30.1). We use the lateral portion of the 
transverse limb, which lies 1 cm above and par-
allel to the clavicle, for exploration of the 
SAN.  The medial-most aspect of the lateral 
upper trapezius is detached from the distal clav-
icle for 1–2  cm. Dissection is then performed 
on the anterior surface of the trapezius muscle 
several centimeters above the clavicle. The 
landmark for detecting the nerve is the trans-
verse cervical vessels that accompany the 
nerve. An electrical stimulator can be used 
around the vessels to identify the distal part of 
the SAN. One of the key points in obtaining the 
SAN donor is not to be confused with the nerve 
branches from the cervical plexus, a pure sen-
sory nerve which will not elicit any muscle 
response when stimulated. A small branch of 
the SAN to the upper trapezius should be pre-
served (Fig. 30.2). The terminal branch of the 
nerve should be dissected as far distally as 
possible.

The SSN is normally found arising from the 
upper trunk 2–3 cm above the clavicle (Fig. 30.3). 
However, the nerve can be difficult to find fol-
lowing traction injury to the plexus. A technical 
tip is asking the assistant to pull the patient’s 
affected arm downward while the surgeon pal-
pates a tented structure on the most lateral aspect 
of the brachial plexus with his or her finger. This 

Fig. 30.1 The authors preferred incision for exposure of 
the supraclavicular brachial plexus is depicted

Fig. 30.2 The spinal accessory nerve (SAN) is identified 
and a branch to the upper trapezius (white loop) is identi-
fied and preserved. The terminal branch (red loop) is 
traced distally as possible to reach the suprascapular nerve

Fig. 30.3 The suprascapular nerve (SSN) is identified 
arising from the upper trunk
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is then followed with further blunt finger dissec-
tion down to the scapular notch where the integ-
rity of the nerve is confirmed. The SSN is then 
traced from distal to proximal and disconnected 
from the upper trunk before coaptation with the 
donor SAN (Figs.  30.4 and 30.5). Interposition 
nerve graft should be avoided due to the  additional 
neurorrhaphy sites, which may compromise the 

potential outcome. It is also important to mobi-
lize enough nerve length to avoid suturing the 
nerves under tension.

 The Nerve to Long Head Triceps 
Transfer to the Anterior Branch 
of the Axillary Nerve

The technique was described in the Chap. 11.

 Double Fascicular Nerve Transfer 
(Double Oberlin Nerve Transfer)

In 1994, Oberlin et al. described the partial trans-
fer of the ulnar nerve to the biceps motor branch 
[6]. This nerve transfer has stood the test of time 
and remains one of the most successful nerve 
transfers [7, 8]. Subsequently, double nerve 
transfer in which appropriate motor fascicles 
were harvested from the median and ulnar nerves 
transfer to motor branches to biceps and brachia-
lis muscles was also proposed [9, 10].

Theoretically, the double nerve transfers 
decrease the chance of a poor result if one of the 

Spinal
accessory

nerve

Suprascapular
nerve

Fig. 30.4 Transfer of 
the spinal accessory 
nerve to the 
suprascapular nerve by 
anterior approach

Fig. 30.5 Intraoperative view of a transfer to the supra-
scapular nerve (SSN) from the spinal accessory nerve 
(SAN)
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nerve transfers fails and may improve the strength 
of the elbow flexion in a heavy arm. Therefore, it 
is our preference to perform a double nerve trans-
fer for restoration of elbow flexion whenever suf-
ficient donors exist.

 Surgical Technique

An incision is made on the anteromedial aspect of 
the arm starting just distal to the anterior axillary 
fold and continuing 15 cm distally. The branch of 
the musculocutaneous nerve supplying the biceps 
muscle is identified. It is usually located approxi-
mately four fingerbreadths below the anterior axil-
lary fold. The branch to brachialis, usually located 
at midlevel of the line between the anterior axillary 
fold and the medial epicondyle, is then dissected 
distally as it enters the brachialis muscle.

The ulnar nerve and the median nerve are 
approached at the same level as the origin to the 
motor branch to the biceps and brachialis, respec-
tively. We used a microelectric nerve stimulator 
to select the motor fascicle(s) predominately 
going to the wrist flexors. For the ulnar nerve, the 
typical donor fascicle is the fascicle innervating 
the FCU muscle and is usually located on the 
medial side of the ulnar nerve. The typical donor 
fascicle from the median nerve is the fascicle 
innervating the FCR muscle and is also usually 
located on the medial side of the median nerve. 
The chosen fascicles from the ulnar nerve and the 
median nerve are dissected distally for 2 cm and 

then divided, turned laterally, and sutured to the 
nerve of the biceps and brachialis under a micro-
scope (Fig. 30.6).

The combined nerve transfer has shown over 
80% recovery of ≥ M4 elbow flexion strength with 
minimal donor morbidity [4, 9–12]. However, 
Carlson et  al. found that there was no significant 
improvement in elbow strength using the double 
compared to the single nerve transfer and recom-
mended sparing the median nerve for others use 
[13]. Another prospectively study by Martins et al. 
also found no significant difference in elbow strength 
between the single and double transfer [14].

 Thoracodorsal Nerve Transfer 
to Long Thoracic Nerve in Case 
of Winged Scapula

Palsy of the serratus anterior muscle causes pain, 
weakness, limitation of shoulder movements, and 
winging of the scapula [15] (Fig. 30.7). The mus-
cle is innervated by the long thoracic nerve, 
which usually receives nerve fibers from C5 to 
C7 roots. However, some patients with C5 and 
C6 brachial plexus injury in whom there is no C7 
contribution to the serratus anterior muscle or in 
those who have sustained partial injury to C7 root 
can present with deficit of the muscle. In these 
situations, the thoracodorsal nerve, which is a 
pure motor nerve and receives nerve fibers from 
C7 to C8 roots, is still preserved and may be used 
as a donor nerve for transfer.

a b

Fig. 30.6 Intraoperative view of double Oberlin nerve transfer. (a) Before neurorrhaphy. (b) After neurorrhaphy
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 Surgical Technique

A 12-cm longitudinal incision is made along the 
posterior axillary fold, which represents the ante-
rior margin of latissimus dorsi. The plane between 
the latissimus dorsi and pectoralis major was cre-
ated bluntly by using fingers of the surgeon. The 
latissimus dorsi is then retracted posteriorly to 
expose the thoracodorsal and long thoracic 
nerves. Dissection around the anterior border of 
latissimus dorsi will reveal the thoracodorsal 
nerve and vessels. There are two main branches 
of the thoracodorsal nerve, the medial and the lat-
eral (Fig. 30.8). The lateral branch runs parallel 
to the lateral border of the muscle, and the medial 
branch course runs parallel the upper muscle bor-
der and separates from the lateral branch at the 
neurovascular hilum at an angle of 45 degree. We 
use the nerve stimulator to select the branch that 
reveals the stronger contraction. The selected 
branch, usually the lateral, is then cut as distal as 

possible. The long thoracic nerve appears as a 
fine silvery white structure situated slightly ante-
rior to the mid-axillary line on the lateral chest 
wall. In some instances, the fatty tissue around 
this area may obscure the nerve and make dissec-
tion difficult. In this situation, blunt dissection 
using fingers is useful. The overlying fascia is 
released, taking care not to damage the accompa-
nying fine vessels which may easily bleed. Once 
the paralysis of serratus anterior is confirmed, the 
nerve is transected as proximal as possible to 
maximize the amount of muscle that can be rein-
nervated and to facilitate a tension-free neuror-
rhaphy with the thoracodorsal nerve (Figs. 30.9 
and 30.10).

Novak and Mackinnon transferred the medial 
branch of the thoracodorsal nerve to the long 

Fig. 30.7 Prominent, medial-winged right scapula evi-
dent as the patient attempts to push forward against 
resistance

Fig. 30.8 Intraoperative view of the lateral branch and 
the medial branch of the thoracodorsal nerve

Fig. 30.9 Intraoperative view of the transfer to the long 
thoracic nerve from the lateral branch nerve of the thora-
codorsal nerve
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 thoracic nerve in a patient with idiopathic serra-
tus anterior muscle weakness. At 7-year follow-
up, there was full range of motion of the shoulder 
without winging of the scapula [16]. Tomaino 
reported a case of long thoracic nerve injury fol-
lowing axillary lymph node dissection. He trans-
ferred the medial pectoral nerve to the long 
thoracic nerve via a 11-cm sural nerve graft. At 
18 months, the scapular winging improved [17]. 
In our series, five patients with C5–C6 brachial 
plexus injury with winged scapula due to paraly-
sis of the serratus anterior confirmed clinically 
and electromyographically underwent the thora-
codorsal nerve transfer to the long thoracic nerve. 
At a mean follow-up of 28 months, two patients 
had no winging, while three had mild winging. 
The mean arc of shoulder abduction was 134 
degree. The mean arc of external rotation from 
full internal rotation was 124 degree. No patient 
complained of any functional deficit from har-
vesting a branch of the thoracodorsal nerve. The 
overall results were excellent in two patients, 
good in two patients, and fair in one patient [1]. 
The outcomes appeared to be better than in our 

previous patients with similar injuries but who 
had not undergone the additional thoracodorsal 
nerve transfer [18].

 End-to-Side Nerve Transfer 
from Superficial Radial Nerve 
to Median Nerve

In our experience, the pain on the dorsal radial 
aspect of the hand which correlated with the super-
ficial radial nerve distribution occurs in about one-
third of patients with C5 and C6 root avulsion. 
Some of them have severe pain which is one of the 
most important obstacles in rehabilitation. In 
2011, we described the end-to-side superficial 
radial nerve to median nerve transfer to restore 
sensation and relieve pain in C5 and C6 nerve root 
avulsion [2]. All eight patients in our series per-
ceived at least one number lower of Semmes-
Weinstein filament at the dorsoradial aspect of the 
affected hand. Before surgery, the mean VAS of 
pain was 6.1. After surgery, all patients reported 
relief pain within 2 weeks, with a mean VAS of 

Thoracodorsal
nerve

Long thoracic
nerve

Fig. 30.10 The right 
shoulder showing nerve 
transfer to the long 
thoracic nerve from the 
lateral branch of the 
thoracodorsal nerve
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3.7. At the last follow-up, five patients reported no 
pain and the mean VAS was 0.5 [2].

 Surgical Technique

A 6-cm longitudinal incision is made 4 cm proxi-
mal to the radial styloid on the dorsoradial site of 
the wrist. The superficial radial nerve is identified 
and trace as proximal as possible. Another 6-cm 
longitudinal incision is made 1  cm proximal to 
the wrist crease along the median nerve location. 
The fascicle of the median nerve over the ulnovo-
lar side approximately 4 cm proximal to the wrist 
crease which corresponded to the fascicles of the 
third web space sensation is identified and used 
as the donor nerve. The distal part of the superfi-
cial radial nerve is then transferred subcutane-
ously and coapted end to side into the ulnovolar 
of the median nerve by an epineurial window 
technique. This technique provided enough 
length for a nerve suture under microscope with-
out tension (Figs. 30.11 and 30.12)
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The C5–C7 root injury of the brachial plexus is 
the combination of upper and middle trunk injury. 
The incidence is approximately 20–35% [1]. 
These patients have deficits in shoulder abduc-
tion, shoulder external rotation, elbow flexion, 
and forearm supination as a component of the 
C5–C6 root injury and also variable deficiencies 
of the elbow, wrist, and finger extension because 
of the C7 root or middle trunk injuries (Figs. 31.1, 
31.2, and 31.3). The priorities for reconstruction 
are restoration of elbow flexion, shoulder abduc-
tion, and shoulder external rotation. In addition, 
the elbow extension and wrist and finger exten-
sion should be addressed. Generally, the injury of 
the brachial plexus is classified as pre-ganglionic 
lesion or post-ganglionic lesion. In the patients 
with post-ganglionic lesions, when proximal 
root(s) is(are) available, we advocate cable graft-
ing with autologous nerve grafts. In the case of a 
pre-ganglionic lesion, nerve transfer is our 
preference.
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Fig. 31.1 Shoulder abduction and elbow flexion defi-
ciency in the patient with C5–C7 injury
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 Strategies for Reconstruction 
of the Elbow Flexion in C5–C7 Root 
Injury

We classify the patients with C5–C7 injuries into 
two groups: those with and without C8–T1 root 
injury. Careful preoperative evaluation of the 
median nerve and ulnar nerve is mandatory. In 
patients with normal C8–T1 root function, we 
prefer the double fascicular transfer which is a 
fascicle of the ulnar nerve transfer to biceps mus-
cle and a fascicle of median nerve transfer to bra-
chialis muscle [2] (Fig.  31.4). Studies reported 
MRC grade 3 or higher elbow flexion recovery in 
97% to 100% with this technique [2–5]. In cases 
of C8–T1 root involvement, the reconstruction of 
the elbow flexion using the injured fascicle of the 

ulnar nerve to biceps branch provides a poor 
result. The extra-plexus donor nerve such as 
intercostal nerve, phrenic nerve, spinal accessory 
nerve, medial pectoral nerve, thoracodorsal 
nerve, and hypoglossal nerve is an available 
donor nerve to transfer for the elbow flexion [6]. 
Intercostal nerves are one of the most common 
nerves used to restore elbow flexion [7–13] 
(Fig.  31.5). Recently, studies reported variable 
results of elbow flexion from 33% to 89% of 
elbow flexion MRC grade 3 strength or better 
[14–18]. Phrenic nerve is also one of the donor 
nerves in nerve transfer for elbow reconstruction 
[19–21]. Overall effective rate of the transfer of 
the phrenic nerve was 70–85% (MRC ≥ 3) [6]. 

Fig. 31.2 Elbow extension deficiency in the patient with 
C5–C7 injury

Fig. 31.3 Wrist and fingers extension deficiency in the 
patient with C5–C7 injury

Fig. 31.4 A fascicle of the ulnar nerve transfer to the 
biceps branch and a fascicle of the median nerve transfer 
to the brachialis branch

Fig. 31.5 Intercostal nerves transfer to the musculocuta-
neous nerve
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We do not use spinal accessory nerve transfer to 
the biceps muscle. We prefer using spinal acces-
sory nerve to reconstruct the shoulder abduction.

 Double Oberlin Nerve Transfer

The technique is described in the Chap. 30.

 Intercostal Nerve Transfer 
to the Musculocutaneous Nerve

An incision is curved along the 6th rib through 
the lateral border of the pectoralis major to the 
medial aspect of the upper arm. The pectoralis 
major and pectoralis minor are elevated to iden-
tify the 3rd, 4th, and 5th ribs. Rib periosteum 
elevator is used to incise along the inferior bor-
der of each rib. The intercostal nerve is dissected 
meticulously. To ensure that the length of the 
nerve is adequate, we dissect the intercostal 
nerves from the costochondral junction to the 
anterior axillary line. At the anterior axillary 
line, the sensory branch of each intercostal 
nerve is divided to enhance mobility. At the 
medial of the upper arm, the musculocutaneous 
nerve is exposed underneath the biceps muscle. 
Proximal dissection of the musculocutaneous 
nerve should be performed to enhance the length 
of the transferred intercostal nerves without ten-
sion. The coaptation is usually performed 
directly under the microscope without nerve 
graft with 45 degrees of shoulder abduction and 
external rotation.

 Phrenic Nerve Transfer to the Biceps 
Motor Branch

Phrenic nerve can be identified through the supra-
clavicular approach. The incision is made along 
the posterior border of the sternocleidomastoid 
muscle to the supraclavicular area. The platysma 
is incised. The external jugular vein is retracted 
medially. The cervical fat pad is retracted. The 
omohyoid muscle and transverse cervical vessels 
are identified and retracted. The upper trunk is 

identified and dissected medially. Phrenic nerve 
is found on the anterior surface of the anterior 
scalene muscle. Dissection of the biceps motor 
branch is performed as previously described. Use 
of the phrenic nerve requires a sural interposition 
nerve graft. The graft length is usually 30–35 cm 
long. The nerve graft is passed subcutaneously. 
The coaptation is performed under a microscope.

 Strategies for the Reconstruction 
of the Shoulder Function in C5–C7 
Root Injury

Loss of shoulder abduction and external rotation 
are commonly seen in C5–C7 root injuries as a 
result of paralysis of the rotator cuff and deltoid 
muscles. Simultaneous nerve transfers to both 
suprascapular and axillary nerve have been rec-
ommended [22–26]. To reconstruct the axillary 
nerve, the radial nerve branch of the triceps is one 
of the most commonly used transfers [24, 25]. In 
C5–C7 root injury, the radial nerve branch of the 
triceps cannot be used because of the injury to its 
main component from the C7 root. Many studies 
reported variable outcomes of the transfer of the 
spinal accessory nerve to the suprascapular nerve 
alone with the average degrees of shoulder 
abduction varying from 45 to 122 degrees [27–
31]. In 2012, we reported a nine-case series after 
combined nerve transfer of the spinal accessory 
nerve to the suprascapular nerve and two inter-
costal nerves to the anterior axillary nerve via the 
posterior approach with average 69 degrees of 
shoulder abduction and 42 degrees of external 
rotation [32, 33] (Fig. 31.6).

Recently, the importance of reconstruction 
of the shoulder external rotation is increasingly 
recognized [34]. The results of spinal accessory 
nerve transfer to suprascapular nerve in the 
patients with C5–C7 root injury are not as 
effective as in C5–C6 root injury but better than 
in patients with panplexus injury. Baltzer 
reported 37% useful recovery of shoulder exter-
nal rotation after transfer of the spinal acces-
sory nerve to the suprascapular nerve in the 
patients with C5–C7 root injury compared with 
76% in C5–C6 root injury and 26% in pan-
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plexus injury [35]. They advocated sparing the 
spinal accessory nerve for later tendon transfer 
of lower trapezius for the patients with exten-
sive brachial plexus injury. At our institution, 
we also found the shoulder external rotation 
after transfer of the spinal accessory nerve to 
the suprascapular nerve in the patients with 
C5–C7 root injury is poorer compared with the 
patients with C5–C6 root injury. However, we 
still prefer the spinal accessory nerve transfer 
to the suprascapular nerve in the patients with 
C5–C7 root injury because this is an effective 
transfer for reconstruction of the shoulder 
abduction.

Beside the glenohumeral motion, winged 
scapula is commonly seen in the patient with 
C5–C7 root injury (Fig. 31.7). Serratus anterior 
is an essential scapular stabilizer. Injury of the 
long thoracic nerve results in winged scapula 
which limits the shoulder movement. As the 
stability of the scapula is fundamental for opti-
mal shoulder function, Suzuki recommended 
reanimation of the paralyzed serratus anterior 
muscle [27]. The transfer of the medial branch 
of the thoracodorsal nerve to the long thoracic 
nerve was reported to transfer for treatment of 
the paralysis of the serratus anterior [36–38]. 
However, in C5–C7 root injury, the thoracodor-
sal nerve cannot be used due to its components 

of C7 and C8 root. Yamada reported a success-
ful case of intercostal nerve transfer to long 
thoracic nerve in a patient with C5–C7 root 
injury [39].

Recently, in cases of C5–C7 root injury who 
have no winged scapula, we reconstruct the 
shoulder stabilization with spinal accessory nerve 
transfer to the suprascapular nerve alone. We 
spare three intercostal nerves for reconstruction 
of the elbow extension. In the patients with C5–
C7 root injury who have winged scapula, we pre-
fer combined spinal accessory nerve transfer to 
the suprascapular nerve with 6th–7th intercostal 
nerve transfer to the long thoracic nerve 
(Fig. 31.8). In some patients who have partially 
recovered the triceps to M3, we transfer the spi-
nal accessory nerve to the suprascapular nerve 
combined with the 3rd and 4th intercostal nerve 
to the anterior axillary nerve via the axillary 
approach.

Fig. 31.6 Shoulder abduction after combined nerve 
transfer of spinal accessory nerve to suprascapular nerve 
and intercostal nerves to axillary nerve

Fig. 31.7 Arrow indicates winged scapula in the patient 
with C5–C7 root injury
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 Surgical Technique: Spinal Accessory 
Nerve Transfer to Suprascapular 
Nerve

The technique is described in the Chap. 30.

 Surgical Technique: The 6th and 7th 
Intercostal Nerve Transfer to Long 
Thoracic Nerve

From the same approach, the latissimus dorsi 
muscle is identified and retracted posteriorly. The 
serratus anterior muscle is usually located on the 
chest wall. The long thoracic nerve is identified. 
It is usually found on the serratus anterior muscle 
(Fig.  31.9). The electrical nerve stimulation is 
performed to confirm no contraction of the ser-
ratus anterior muscle. The long thoracic nerve is 
dissected and divided as proximally as possible. 
The 6th and the 7th intercostal nerves are tran-

sected at the level of midclavicular line. The 
coaptation of the intercostal nerves to the long 
thoracic nerve is performed under an operating 
microscope.

 Surgical Technique: The 3rd and 4th 
Intercostal Nerve Transfer 
to the Anterior Axillary Nerve

The technique to approach the intercostal nerve 
is the same as described previously. At the ante-
rior axillary line, the sensory branch of each 
intercostal nerve was cut to enhance mobility. 
At the axillary region, we identified the com-
mon axillary nerve which was located proxi-
mally to superior border of the teres major 
muscle. The anterior axillary nerve is identified 
and separated from the common axillary nerve 
and cut as proximally as possible. The 3rd and 
4th intercostal nerves are transected at the cos-
tochondral junction. Nerve coaptation is per-
formed under an operating microscope.

Fig. 31.8 Combined three intercostal nerves to the nerve 
of long head triceps and two intercostal nerves to the long 
thoracic nerve

Fig. 31.9 Long thoracic nerve located on the serratus 
anterior muscle
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 Strategies for Reconstruction 
of the Elbow Extension in C5–C7 
Root Injury

Recently reconstruction of the elbow has gained 
attention. To achieve useful restoration of the upper 
extremity’s ability to reach out in space, the power 
of the elbow extension is required. Moreover, future 
reconstruction of the hand function requires a stable 
elbow flexion and extension. In 2011, Goubier et al. 
reported the case series of the intercostal nerve 
transfer to the nerve of the long head of the triceps 
[40]. Nine of 11 patients achieved useful elbow 
extension against the gravity (MRC ≥ 3).

 Surgical Technique: The 3rd, 4th, 
and 5th Intercostal Nerve Transfer 
to the Nerve of Long Head Triceps

The 3rd to 5th intercostal nerves from the costo-
chondral junction to the anterior axillary line are 
harvested. Through the same incision, the radial 
nerve branch of the long head the triceps is located 
beneath the brachial artery distally to the inferior 
border of the teres major muscle in the axillary 
region. The 3rd, 4th, and the 5th intercostal nerves 
are transected at the costochondral junction. The 
radial nerve branch of the long head of the triceps 
and the long thoracic nerve were cut as proximally 
as possible and coated directly under an operating 
microscope (Fig. 31.10).

 Strategies for Reconstruction 
of the Wrist and Finger Extension 
in C5–C7 Root Injury

Reconstruction of the wrist and finger exten-
sion with nerve transfer in the patients with 
C5–C7 root injury is challenging. In 2007, Ray 
et al. reported a case series of successful recon-
struction of the wrist and finger extension 
using fascicles of the median nerve (innervat-
ing flexor digitorum superficialis and flexor 
carpi radialis to the nerve to extensor carpi 
radialis brevis (ECRB) and the posterior inter-
osseous branches of the radial nerve) [41]. In 
2009, Ukrit et al. conducted an anatomical fea-
sibility study and reported two cases of C5–C7 
injury who had M4 recovery and 30 and 70 
degrees of wrist extension after transferring of 
the proximal FDS motor branch to the ECRB 
motor branch [42]. Bertelli transferred the pro-
nator quadratus motor branch to the ECRB 
motor branch in 28 patients with C5–C8 injury. 
Twenty-five of 28 patients recovered active 
wrist extension, scoring M4 [43]. Since our 
preference is to use the fascicle of the median 
nerve for reconstruction of the elbow flexion, it 
is our preference to perform late reconstruction 
of the wrist and fingers extension using tendon 
transfers or arthrodesis.

In summary, our strategy of reconstruction in 
the C5–C7 root avulsion is divided into two 
groups as follows:

 Group 1: C5–C7 Root Avulsion 
with Normal C8–T1 Root

• Double Oberlin nerve transfer for elbow 
flexion

• Spinal accessory nerve transfer to suprascapu-
lar nerve for shoulder abduction and external 
rotation

• 6th and 7th intercostal nerves nerve to long 
thoracic nerve

• 3rd ,4th and 5th intercostal nerves to the nerve 
of long head triceps for elbow extension

• Late reconstruction of wrist and finger exten-
sion with tendon transferFig. 31.10 Three intercostal nerve to nerve to long head 

triceps
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 Group 2: C5–C7 Root Avulsion 
with C8–T1 Root Involvement

• Extraplexal (three intercostal nerves or 
phrenic nerve) transfer for elbow flexion

• Spinal accessory nerve transfer (SAN) to 
suprascapular nerve (SSN) for shoulder 
abduction

• Late reconstruction of wrist and finger exten-
sion with tendon transfer or arthrodesis
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Strategies for Pan-Brachial Plexus 
Reconstruction: The Mayo Clinic 
Brachial Plexus Team Approach

Anthony J. Archual and Alexander Y. Shin

The field of brachial plexus surgery requires the 
cooperation of surgeons with other physicians 
and providers from multiple subspecialties. 
Synergy of these providers results in a team that 
is more than the sum of its parts. The collabora-
tion of neurosurgeons, orthopedic hand surgeons, 
plastic surgeons, microvascular surgeons, and 
general surgeons with the singular focus of 
improving the patient has led to reconstructive 
outcomes that have surpassed what each could 
accomplish alone. The addition of non-surgical 
physicians further improves the team by address-
ing patient’s non-surgical needs (rehabilitation, 
pain management, etc.). A team approach to 
treating brachial plexus injuries improves com-
munication, surgical efficiency, and decision- 
making and brings the best innovations of each 
specialty to the patient in a single setting. The 
Brachial Plexus Clinic model we have assembled 
is a team of primary surgeons who evaluate acute 
and chronic injuries and perform the necessary 
nerve or reconstructive procedures together. Our 
current primary team includes two orthopedic 
surgeons with subspecialty training in hand and 

microvascular surgery and a neurosurgeon with 
subspecialty training in peripheral nerve surgery. 
These surgeons are responsible for evaluation, 
education, reconstructive decision-making, and 
determining if additional consultations are neces-
sary. A group of ancillary surgeons and physi-
cians associated with the team is available to 
address paralytic shoulder issues, pediatric ortho-
pedic problems, pain management, and rehabili-
tation and occupational therapy needs. A 
dedicated brachial plexus team coordinator is 
highly recommended to organize and facilitate 
consultation schedules, testing, follow-up care, 
outcome data recording, video/photography doc-
umentations, and operative schedules.

 Preoperative Evaluation

Much of the preoperative evaluation including 
history and patient exam, neurodiagnostic evalu-
ation, and imaging has been detailed in previous 
chapters. After such information is obtained and 
reviewed, the patient’s expectations and goals are 
evaluated. An educational discussion on the natu-
ral history of nerve injuries and the risks and ben-
efits of all available options is undertaken. A 
series of standardized illustrations is used during 
this discussion and provided to the patient for 
further review after they depart the clinic 
(Fig. 32.1). This conversation not only provides 
the patient with information but also builds 
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 rapport with the patient and their loved ones. It is 
important to understand that the volume of infor-
mation the patient and his/her family receives can 
be overwhelming and much of what is conveyed 

may be forgotten or misinterpreted. Having three 
reconstructive surgeons with three different 
styles of communication allows patients to have 
the information repeated and explained in 

a

b c

Fig. 32.1 (a) Educational illustration of the brachial 
plexus and types of brachial plexus injuries that are used 
to explain the injury to patients. (With permission of the 
Mayo Foundation, Copyright 2004). (b) Illustration of 
sural nerve graft harvest, area of numbness, and how the 

sural graft is used. (With permission of the Mayo 
Foundation, Copyright 2004). (c) Illustration of potential 
incisions for reconstruction. (With permission of the 
Mayo Foundation, Copyright 2011)
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 different ways thereby facilitating a better under-
standing of their complex problem.

The patient’s expectations of the outcomes of 
surgical reconstruction must be addressed both 
with respect to function and pain. In the pan- 
plexus patient, a frank discussion of the expected 
outcomes of surgery must be undertaken to gain 
the patients trust and prevent future dissatisfac-
tion. Our discussions emphasize the goal of cre-
ating the best possible helper arm/hand possible 
and that a return to normal upper extremity func-
tion is rarely feasible. The outcomes discussed in 
previous chapters for specific nerve transfers/
grafting or free functioning muscle procedures 
are reviewed. The role of hybrid type operations, 
combining nerve grafting/transfers with micro-
vascular free tissue transfers (FFMT), is 
explained. The etiology of pain, especially neuro-
pathic pain, is detailed, and referral to our pain 
specialist is recommended if indicated.

The priorities of reconstruction are reviewed 
with the patient as they are detailed in previous 
chapters. These priorities include elbow flexion, 
shoulder stability with external rotation, rudi-
mentary grasp, and protective sensation. While 
there are multiple options for obtaining each 
individual function, combining them all in a 
single reconstruction can be daunting. It is 
explained that there is no right or wrong answer 
for a patient’s reconstructive goals and that 
reconstruction is highly individualized. Some 
patients express limited or stepwise goals, 
beginning with restoration of elbow flexion and 
shoulder stability with the potential for further 
procedures in the future. Others request “every-
thing possible” be done to restore as much func-
tion as possible at the index procedure. It is the 
responsibility of the surgeon to discuss the 
rationale for and outcomes of such choices and 
to empower the patient to make an educated 
decision. This includes explaining the implica-
tions of procedures on future use of myoelectric 
devices should the patient eventually express 
the desire for amputation. In these circum-
stances, establishing some functional control of 
upper arm muscles may improve the outcomes 
of myoelectric prosthetics. In patients who 
request primary amputation, it is important to 

delve into the patient’s rationale for desiring 
amputation. If it is with the intention of reliev-
ing neuropathic pain, the patient needs to be 
educated on the etiology of the neuropathic 
pain, explaining that it is likely a result of avul-
sions of nerve roots from the spinal cord and 
thus amputation at any level would be unlikely 
to relieve this pain.

 Available Options in the Pan-Plexus 
Patient

During the evaluation period, all data must be 
considered including clinical exam findings, 
electrodiagnostic studies, and imaging (CT 
myelogram, MRA or angiography, ultrasound 
(US)), and/or consultations (neurology, vascular 
surgery, etc.), to determine the availability of 
resources for reconstruction. The reconstructive 
plan should take into account all available nerve 
and muscle donors and techniques including 
nerve grafting, nerve transfers, free functioning 
muscles, tendon transfers, and joint arthrodeses.

Ipsilateral Intraplexal Nerves With the goal 
using of all viable intraplexal nerve donors, 
exploration of the supraclavicular brachial plexus 
is performed to determine if any viable intra-
plexal ipsilateral donor roots are present. Though 
some authors report that C5 nerve root is always 
viable [1], we have not had the same experience 
over the past 20 years. Thus if any viable roots 
are identified and viability confirmed with intra-
operative SSEP/MEP, they are used as donor 
nerves with nerve grafts to targets as is detailed 
below. The phrenic nerve has been described as a 
donor for nerve transfers [2, 3]. If the C5 nerve 
root is avulsed, this could theoretically make 
phrenic nerve transfer less reliable as the phrenic 
nerve receives contributions from C3, C4, and 
C5. The phrenic nerve has not been routinely uti-
lized in our practice as a great majority of our 
patients are pan-avulsion. Additionally, the gen-
erally high BMI of the patients in our region and 
our frequent use of intercostal nerves (ICN) may 
put respiratory function at risk if a normal phrenic 
nerve is used as a donor.
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Ipsilateral Extraplexal Nerves The spinal 
accessory nerve is a common source of donor 
nerve axons in brachial plexus reconstruction, 
especially in the pan-plexus-injured patient, as it 
provides voluntary motor control with minimal 
donor site morbidity [4]. An uninjured spinal 
accessory nerve is available for use as a donor in 
94% of cases [5] and can be easily identified in 
the supraclavicular approach. Intercostal nerves 
also serve as a valuable ipsilateral extraplexal 
source of axons under volitional control as well 
as sensory donors, but harvesting them can be 
challenging and carries morbidity. While rib frac-
tures are a common concomitant injury occurring 
with brachial plexus injuries, Kovachavich et al. 
found that the intercostal nerves are still suitable 
for grafting in 92% of patients [6]. The sensory 
portions of these nerves can be used to reestab-
lish protective sensation in the median distribu-
tion by transfer to the lateral cord contribution of 
the median nerve.

Contralateral Intraplexal Donors The C7 
nerve root or hemi-root can be extended with a 
free graft or transferred via the retropharyngeal 
route to reinnervate contralateral targets [7]. Our 
experience with the use of contralateral C7 has 
not been as encouraging as the published reports. 
We reviewed the outcomes of hemi-contralateral 
C7 for hand function and reported dismal out-
comes [8]. When used for shoulder re-animation, 
the outcomes were good. However, patients never 
regained independent function and required the 
contralateral extremity to activate to initiate 
shoulder function on the injured side making use 
more of an academic success and clinical failure. 
Almost all patients found this lack of indepen-
dence precluded the usefulness of the transfer 
[8]. As such, using contralateral C7 as a donor in 
our practice for adult pan-plexus reconstruction 
has been largely abandoned by our group.

Free Functioning Muscle Transfer The 
transfer of a free functioning muscle is a pow-
erful technique for reconstruction after a bra-

chial plexus injury, with the gracilis muscle 
being the workhorse of our practice. These 
flaps have been described to power elbow flex-
ion, wrist/finger flexion, and wrist/finger exten-
sion. Some authors advocate for the use of two 
flaps in two to three separate operations, to 
reestablish a grasp and elbow function [9, 10]. 
A single-stage procedure to obtain rudimentary 
grasp is more attractive to our patients and 
medical insurance system. As such, we have 
pursued a single-stage procedure utilizing a 
single gracilis to restore elbow flexion and 
rudimentary grasp (Fig. 32.2).

Tendon Transfers If nerve transfers, nerve 
grafting, and free muscle transfers are not an 
option, as is the case in the reconstruction of 
shoulder external rotation in some pan-plexus 
injury patients, tendon transfers can be consid-
ered. In these cases, the spinal accessory nerve 
is spared in the nerve reconstruction plan and 
the lower trapezius tendon is transferred to the 
infraspinatus tendon for external rotation [11]. 
Transfer of the contralateral trapezius tendon 
in a turnover fashion can be performed if the 
ipsilateral trapezius muscle is not suitable for 
use [12].

Arthrodesis Arthrodesis procedures of the 
shoulder, wrist, or small joints are generally done 
as secondary procedures. These may be part of 
the initial plan but performed in a staged fashion 
or added to the plan later as part of the fine-tuning 
that occurs after primary reconstruction. Shoulder 
fusion is reserved for instances where no other 
reconstructive options are available or previous 
attempts at reestablishing stability have failed 
(see “Shoulder Fusion” chapter). Wrist fusion 
can optimize free functioning muscle transfer for 
grasp and is generally well tolerated by patients 
[13]. Similarly, arthrodesis of the small joints of 
the hand can optimize the function of other 
reconstruction. For example, we commonly fuse 
the interphalangeal joint of the thumb to bolster 
rudimentary pinch [13].
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 Common Presentations and Our 
Strategies

A variety of strategies are available depending on 
the goals of the patient and the experience and 
preferences of the surgeon/surgical team. Listed 
below are general strategies for our patients. It is 
imperative to understand that a donor unit or 
structure can typically only be used for one pur-
pose (e.g., a lower trapezius tendon transfer can-
not be performed if the spinal accessory nerve 
has been previously utilized as a nerve donor). 
Additionally, each patient is unique and their 

available nerve resources, general medical condi-
tion, concomitant injuries, and goals. These fac-
tors should be carefully considered when 
choosing a reconstructive strategy (Tables 32.1 
and 32.2).

 Pan-plexus: C5 Available

No Vascular Injury The C5 root is grafted to 
suprascapular and posterior division of the 
upper trunk (axillary nerve) to restore shoulder 
function. A free functioning muscle transfer 

a b

Fig. 32.2 A single stage free functioning gracilis muscle 
can be used to obtain rudimentary grasp, elbow flexion, 
and elbow extension. (a) Illustration of inset of the gracilis 
muscle to lateral clavicle and extended to the finger and 
thumb flexors (with permission of the Mayo Foundation, 
Copyright 2010). (b) The triceps is typically innervated 

by the spinal accessory nerve (SPA), the gracilis with two 
intercostal nerves, and the biceps with two intercostal 
nerves, and sensation is restored with transfer of sensory 
intercostal nerves to the lateral cord contribution to the 
median nerve. (With permission of the Mayo Foundation, 
Copyright 2010)
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innervated by two intercostal nerves is per-
formed for elbow flexion which is augmented 
with two intercostal nerves transferred to the 
biceps motor branch. The free functioning mus-
cle may be inset across the elbow to simultane-
ously power rudimentary grasp if desired. If the 
FFMT is utilized for grasp, the spinal accessory 

nerve is grafted to the triceps to act as an agonist 
[14] . Otherwise, the SPA may be used to power 
the FFMT or saved for potential lower trapezius 
tendon transfer at a later time. Intercostal sen-
sory nerves can be transferred to the lateral cord 
contribution of the median nerve for protective 
sensation.

Pan brachial plexus injury, roots available

C5 available C5, C6 available

Shoulder: C5 to suprascapular n.
and posterior division of upper
trunk
Elbow flexion: 2 ICN or SPA to
FFMT, 2 ICN to bicepsa

Sensation: ICN to lateral cord
contribution to median n.a

No vascular injury

Grasp desired? Grasp desired?

+ Grasp + Grasp No Grasp
FFMT across elbow
SPA to triceps

Vascular injury Vascular injuryNo vascular injury
Shoulder: C5 to suprascapular n.
and posterior division of upper
trunk
Elbow flexion: 3-4 ICN or SPA
to biceps
Sensation: ICN to lateral cord
contribution to median n.

Shoulder: C5 to suprascapular n.
and posterior division of upper
trunk
Elbow flexion: C6 to anterior
division of upper trunk
Sensation: ICN to lateral cord
contribution to median n.

Shoulder: C5 to suprascapular n.
and posterior division of upper
trunk
Elbow flexion: 2 ICN or SPA to
FFMT, 2 ICN to bicepsa

Sensation: ICN to lateral cord
contribution to median n.a

FFMT across elbow
C6 to middle trunk

C6 to middle trunk
or radial n.

Vascular injury? Vascular injury?

a = If using ICN

Table 32.1 Our algorithm for Pan Brachial Plexus reconstruction when viable roots are available

Pan brachial plexus injury, no roots available

No roots available No roots or SPA available b  

Vascular injury?

Vascular injury Vascular injury Vascular injuryNo vascular injury

Grasp desired?

No vascular injury
No Grasp

No vascular injury
+ Grasp

Shoulder: SPA to suprascapular n. or lower
trapezium tendon transfer or glenohumeral
arhtrodesis
Elbow flexion: SPA or 2 ICN to FFMT, 
2 ICN to bicepsa

Sensation: ICN to lateral cord contribution 
to median n.a

Shoulder: Glenohumeral arthrodesis
Elbow flexion: 2 ICN or SPA to FFMT, 
2 ICN to biceps
Sensation: ICN to lateral cord contribution 
to median n.

a = If using ICN
b = grasp not reconstructed

Shoulder: SPA to suprascapular n. 
or Lower trapezius tendon transfer
Elbow flexion: 3-4 ICN to biceps
Sensation: ICN to lateral cord 
contribution to median n.

Shoulder: contralateral tendon transfer or
arthrodesis
Elbow flexion: 3-4 ICN to biceps
Sensation: ICN to lateral cord contribution
to median n.

Shoulder: contralateral tendon transfer or
arthrodesis
Elbow flexion: 2 ICN to FFMT, 2 ICN to 
bicepsa

Sensation: ICN to lateral cord contribution 
to median n.a

Table 32.2 Our algorithm for Pan Brachial Plexus reconstruction with there are no available roots
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With Vascular Injury If a vascular injury is 
present, FFMT is not performed. The C5 root is 
grafted to suprascapular and/or axillary nerve to 
restore shoulder function. Three to four intercos-
tal nerves are transferred to the biceps motor 
branch, or the spinal accessory nerve can be 
grafted to the biceps motor branch with a sural 
nerve intervening graft. Consideration can be 
given triceps reinnervation. Sensory reconstruc-
tion with sensory intercostals can be performed if 
intercostals are used.

 Pan-plexus: C5 and C6 Available

This is a very rare situation and the limiting fac-
tor is the availability of donor autograft nerve. 
Bilateral sural nerves are used in addition to the 
ipsilateral superficial branch of the radial nerve. 
Many permutations of grafting exist, and a few 
options are described below.

No Vascular Injury The C5 root is grafted to 
suprascapular and posterior division of the upper 
trunk (axillary nerve) to restore shoulder func-
tion. As above, an FFMT is performed for elbow 
flexion and innervated by intercostal nerves or 
SPA. If the FFMT is used to provide grasp, the 
second viable root is grafted to reinnervate the 
triceps muscle via grafting to the middle trunk or 
directly to triceps branches. If the FFMT is per-
formed for elbow flexion only, the second root is 
grafted to the middle trunk or radial nerve. 
Alternatively, in all nerve reconstruction with C5 
to the shoulder and C6 to the anterior division of 
the upper trunk (elbow flexion), use of ICN for 
triceps can be considered, saving SPA for future 
use with a FFMT in case the reconstruction failed 
to restore elbow flexion.

With Vascular Injury If a vascular injury is 
present, an FFMT is not performed. The C5 root 
is grafted to the suprascapular and posterior divi-
sion of the upper trunk (axillary nerve) to restore 
shoulder function, and the C6 root is grafted to 

the anterior division of the upper trunk for elbow 
flexion. The ICN and SPA can be used as previ-
ously described. In this situation, there is no 
future FFMT.

 Pan-plexus: No Roots

No Vascular Injury If no viable roots are avail-
able for grafting, shoulder function is addressed 
in one of several ways. In cases where the spinal 
accessory nerve is normal, it is transferred to the 
suprascapular nerve. Shoulder external rotation 
may be reestablished by a delayed lower trape-
zium tendon transfer. In such cases, the SPA is 
not used in the nerve reconstruction. Finally, a 
glenohumeral arthrodesis can be performed in 
the future, allowing use of valuable nerve 
resources for other functions. If rudimentary 
grasp is desired, the shoulder is left alone for 
future arthrodesis, ICN are used to power FFMT 
for grasp and elbow flexion, and SPA is trans-
ferred to a triceps branch. Sensory ICN provide 
protective sensation as previously described.

With Vascular Injury If a vascular injury is 
present and therefore no FFMT can be performed, 
the SPA is grafted to the suprascapular nerve, and 
intercostal nerves are transferred to the biceps 
motor branch. Alternatively, the shoulder may be 
reconstructed with a tendon transfer and ICN 
transferred to reinnervate the biceps. If the shoul-
der is to be fused, SPA is available to be used as a 
nerve donor.

 Pan-plexus: No Roots, No SPA

No Vascular Injury An FFMT is performed for 
elbow flexion and is innervated by intercostal 
nerves. In this situation, we generally do not 
reconstruct grasp as there is a lack of options to 
reinnervate elbow extension. The shoulder is 
addressed with either a contralateral tendon 
transfer or fusion.
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With Vascular Injury If a vascular injury is 
present and thus no FFMT can be performed, 
elbow flexion is reestablished by transferring 
intercostal nerves to the biceps motor branch, and 
the shoulder is addressed with a fusion or contra-
lateral tendon transfer.

 Author’s Preferences

The overall surgical plan is developed with both 
salvage options and secondary adjustment proce-
dures in mind. Some authors advocate saving a 
donor nerve and/or vessel for a potential salvage 
reconstruction with a FFMT should the initial 
reconstruction fail to give satisfactory results. 
Prior to proceeding, the implications of saving a 
donor nerve/vessel for future salvage must be 
thoroughly discussed with the patient as it may 
limit the resources available during the initial 
reconstruction. Secondary procedures are always 
discussed with patients. The need for future 
“tune-up” procedures (such as arthrodesis, ten-
don transfers, or tenodesis) to improve or aug-
ment function might be planned at the initial 
evaluation or need of them determined as func-
tion returns.

We begin the operative treatment of any pan- 
brachial plexus injury with exploration of the 
plexus. Even if preoperative imaging suggests 
root avulsions, exploration and evoked potential 
testing may reveal viable roots suitable for graft-
ing. Occasionally, the somatosensory evoked 
potential (SSEP) will be absent and motor evoked 
potential (MEP) may be present. In this case, an 
intraoperative decision needs to be made regard-
ing whether the root should be used. In these 
instances with no other viable roots, using the 
MEP positive but SSEP negative root for shoul-
der stability is considered. Grafting of this root to 
the suprascapular nerve and posterior division of 
the upper trunk (to restore axillary nerve func-
tion) with a sural nerve graft is preferred.

Routine primary application of FFMT for 
improving elbow flexion with the potential for 
adding finger flexion or wrist extension has been 
supported by multiple authors [10, 15–17]. 
Addition of a free functioning gracilis muscle 

when possible has improved outcomes of elbow 
flexion in our experience. In patients desiring 
rudimentary grasp, the use of either a double free 
functioning muscle or single free functioning 
muscle is considered. Our preference is use of a 
single FFMT for grasp as detailed in a previous 
chapter. When the gracilis crosses the anterior 
elbow and is used for distal function (finger flex-
ion or wrist/finger extension), it is imperative to 
reinnervate the triceps to provide antagonist 
function to obtain the distal function [14].

Our coordinated brachial plexus team allows 
for up to three separate surgical teams to operate 
simultaneously. Typically, one team explores the 
supraclavicular plexus and performs intraopera-
tive nerve testing, a second team performs the 
infraclavicular plexus exploration (including 
exploration of donor vessels) and intercostal 
nerve harvest, and a third team harvests a free 
functioning gracilis or sural nerves as needed. 
Each of the team’s three core surgeons is capable 
of this portion of the operation and is inter-
changeable for all nerve exploration and recon-
structive procedures. Two members of the team 
are microsurgeons and perform the transfer of the 
FFMT when indicated. All decisions are made as 
a team. The team approach has allowed us to per-
form more complex surgical procedures in a 
shorter period of time, which significantly bene-
fits the patients. Shorter operative time results in 
less anesthesia, less blood loss, and less cost. 
When intraoperative complexities or anatomic 
anomalies are seen, the team works together to 
navigate the problem, working toward the best 
outcome for the patient.

 Conclusion

Patients with pan-brachial plexus injuries repre-
sent one of the most challenging populations for 
the reconstructive surgeon to treat. A team 
approach to diagnosis and treatment and good 
surgeon-patient communication concerning goals 
and expectations are essential to improving 
patient outcomes. While many challenges remain 
in the management of these patients, advances in 
nerve transfers, microsurgery, and growing under-
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standing of the “nerve economics” practiced in 
planning reconstruction have improved outcomes 
for these patients over the last several decades.
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Lower-Type Injuries of the Brachial 
Plexus (C6–T1, C7–T1, and C8–T1 
Root Involvement)

Jayme Augusto Bertelli, Neehar Patel, 
and Francisco Soldado

Lower-type injuries are the rarest of lesions of the 
brachial plexus. In our own series, it corre-
sponded to 3% of all cases. Others reported rates 
between 4% and 8% of all cases of brachial 
plexus traumatic injuries [1–3]. Differently from 
complete or upper type lesions, the most com-
mon mechanism of injury is a car accident, pos-
sibly related to forceful anterior shoulder 
compression by the seat belt. Forced arm sus-
pended after falling into a hole and obese patients 
who fall and hit the ground with the shoulder 
completely abducted are other potential causes of 
lower-type injuries [4] (Fig. 33.1).

The major deficits in lower-type injuries of the 
brachial plexus are related to hand function. In 
all patients, shoulder motion and elbow flexion 
are normal as well as wrist flexion and exten-

sion and forearm prono-supination. A few cases 
of lower- type root injury are initially a complete 
paralysis in which the upper roots recovered 
spontaneously.

We have recognized three patterns of paralysis 
based on root involvement:

• C8–T1 root injury (30% of the cases): Finger 
flexion is the major deficit here. Despite some 
preserved motion, finger flexion is very weak 
and needs reconstruction.

• C7–T1 root injury (60% of the cases): Finger 
flexion-extension and intrinsic muscle of the 
hand are all paralyzed (Fig. 33.2).

• C6–T1 root injury (10% of the cases): C6 root 
might be partially involved, and along with 
finger flexion-extension and intrinsic muscle 
paralysis, elbow extension is lost and needs 
reconstruction.

Sensory abnormalities are related to the ulnar 
side of the arm, forearm, and hand (Fig.  33.3). 
Contrary to upper-type lesions with preserved 
hand radial side sensation due to overlapping of 
upper and lower roots dermatomes, in lower-type 
injuries of the brachial plexus, there is a complete 
anesthesia on ulnar side of the hand because 
upper roots do not overlap in the ulnar nerve ter-
ritory [5]. Despite the common avulsion of the 
lower roots, hand pain is not a predominant com-
plaint as compared to complete root lesions [5]. 
Patients who complain about pain are those in 
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a b c

Fig. 33.1 Mechanisms of lower type brachial plexus root 
injury. In (a), the most common mechanism of injury. Car 
accident and seatbelt injury. In (b), a fall with the armout-

strecthed. In (c), 0bese patients with a fall from their own 
heigth with the arm outstreched

Fig. 33.2 Typical findings in a patient with C7–T1 root 
injury. Preserved shoulder, elbow, and wrist motion while 
finger motion is paralyzed. This injury is associated with 

avulsion injury, which is reflected by the Horner sign. 
Note miosis on the left eye
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whom initially the paralysis was complete, but 
the upper roots recovered fortuitously.

 Diagnosis

Diagnosis of lower-type brachial plexus injury is 
evident on clinical examination. Because the 
lower roots are often avulsed, Horner’s sign is a 
prominent finding. Horner’s sign can predict 
lower root avulsion in 94% of the cases [6]. MRI 
or CT myelogram is recommended to demon-
strate lower roots avulsion and to propose imme-
diate treatment since spontaneous recovery 
would be unexpected [7–9]. In the absence of a 
Horner’s sign and normal imaging studies, hand 
paralysis might be related to an infraclavicular 
lesion of the brachial plexus. At our department, 
for all types of brachial plexus paralysis, we do 
not rely on electrophysiological studies for our 
surgical planning.

Treatment

Motor reconstruction

Acute and subacute cases
This encompasses patients seen within 1 year of 
their accident. There is no rationale in exploring 

the lower roots because surgery would be very 
demanding and risky; the roots are generally 
avulsed, and even in the cases of rupture, grafting 
will be unsuccessful secondary to the long dis-
tance that the axons need to regenerate to reach 
forearm muscles. In this group of patients, we 
advocate early nerve transfer according to the 
function needed to be restored. The current guide-
lines we use are those also employed in the treat-
ment of tetraplegia with intact C6 level because of 
the similarity of the clinical deficits [10, 11].

 Elbow Extension
If elbow extension needs reconstruction, we pro-
pose transferring the posterior division of the axil-
lary nerve to the triceps motor branches [12]. The 
axillary approach (Fig. 33.4) is our preference [13], 
although this nerve transfer has been reported 
through the posterior arm approach as well [14]. 
M4 elbow extension is normally obtained. 
Alternatively, the branch to the brachialis can be 
used to reinnervate the triceps long and medial 
heads [15, 16].

 Thumb and Finger Extension
For the reconstruction of finger extension, we 
rely on the transfer of the supinator motor 
branches to the posterior interosseous nerve 

Fig. 33.3 Typical zone of anesthesia (yellow overlay) in 
a C7–T1 root avulsion Fig. 33.4 Schematic representation of the axillary 

approach for transferring the posterior division of the axil-
lary nerve (PDAX) to triceps motor branches (TB)
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(PIN) [5]. If wrist extension is strong, the supina-
tor muscle is strong too, and its motor branches 
are available for transfer because they share the 
same myotome of innervation [5]. Surgery can be 
performed through an anterior or posterior fore-
arm approach. In the posterior approach, the inci-
sion is in the posterior aspect of the proximal one 
third of the forearm, over the radius. The PIN 
nerve is approached between the ECRB and EDC 
(Figs.  33.5 and 33.6). In the anterior approach, 
the incision is on the antecubital fossa and is pre-
ferred when a nerve transfer is concomitantly 
planned for finger flexion reconstruction 
(Fig.  33.6). Two motor branches innervate the 

supinator muscle flanking the PIN proximally to 
the arcade of Frohse. The lateral one is bigger 
and innervates the superficial head, whereas the 
medial branch is smaller and innervates the deep 
head. On some occasions, a single branch is iden-
tified in general on the lateral side of the PIN, 
which divides to innervate the superficial and 
deep heads of the supinator muscle (Figs.  33.7 
and 33.8). The average number of myelinated 
fibers in the supinator branches is 550 whereas 
that in the PIN is 750 [17]. Despite fewer fibers in 
the donor than in the recipient nerve, the results 
of this nerve transfer are being reported to be 
 predictable and good [7, 10, 18, 19]. This proba-
bly relates not only to the fact that strength is not 
needed for thumb and finger extension but also 
because wrist flexion, by the tenodesis effect, can 
boost range of motion. Patients just need to posi-
tion the fingers and thumb for grasping. An inter-
esting point on this technique is that it also 
addresses the issue of stability of the CMC joint, 
thus avoiding the need to do a CMC joint arthrod-
esis. In addition, reinnervation of the extensor 
carpi ulnaris entails rebalancing of wrist radial 
deviation. In our experience, motion control is 
quickly learned, but there is no independent con-
trol of thumb and finger extension.

 Finger Flexion
Finger flexion is attained by the reconstruction of 
the anterior interosseous nerve (AIN). AIN rein-
nervation also addresses flexion of the ulnar fin-
gers because of nerve interconnections within the 
flexor digitorum profundus (FDP) and/or because 
of a drag effect on FDP tendons [20]. Either the 
motor branch of the extensor carpi radialis brevis 

Fig. 33.5 Design of the surgical incision for transferring 
the branches of the supinator muscle to the posterior inter-
osseous nerve via a posterior forearm approach

Fig. 33.6 Cadaveric dissection of the posterior aspect of 
the right forearm depicting the posterior interosseous 
nerve (PIN) and its branches to the supinator muscle (NS), 
to the extensor carpi ulnaris (ECU) and extensor digiti 
quinti (EDQ), and its terminal division into a deep 
(DBPIN) and a superficial branch (SPIN). The DBPIN 
innervates thumb muscles, whereas the SPIN innervates 
the extensor digitorum communis. The superficial head of 
the supinator muscle has been divided to expose the 
PIN. Surgery consists of dividing the branches to the supi-
nator at the muscle entrance and dividing the PIN just dis-
tal to the emergence of the branches to the supinator in 
order to get an extra nerve length on the donor and recipi-
ent nerves to avoid tension. Then the nerves to supinator 
are sutured to the PIN

Fig. 33.7 Design of the surgical incision for transferring 
the branches to the supinator muscle to the posterior inter-
osseous nerve via an anterior forearm approach. Through 
the same incision, other nerve transfers are performed to 
reconstruct thumb and finger flexion. The incision design 
borders the proximal margin of the pronator teres
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(ECRB) or one branch of the pronator teres (PT) 
can be coapted to the AIN (Fig. 33.9). The PT has 
two motor branches: (a) a proximal one (PPTB), 
which arises from the anterior aspect of the 
median nerve at the level of the medial  epicondyle 
and innervates the superficial head of the PT, and 
(b) a distal one (DPTB which is longer), which 
originates on the anterior aspect of the median 
nerve, travels on the top of the median nerve 
(along its course), and innervates predominantly 
the deep head of the PT. (Fig. 33.10). The AIN 
has in average 2000 fibers but approximately 
only 1300 fibers but approximately only 1300 
fibers are devoted to finger and thumb flexion 
(Fig. 33.11). The remainder of the fibers is des-

tined to innervate the pronator quadratus [21]. 
The ECRB motor branch has in average 457 
nerve fibers, whereas the proximal and the distal 
PT motor branch have an average of 646 and 563 
nerve fibers, respectively [22]. Because the num-
ber of motor fibers in recipient and donor nerves 
does not match, endurance and strength recovery 
tend to be suboptimal. In general, grasping 
strength recovery is around 5 kg, whereas pinch 
strength is 2 kg. However, functional reconstruc-
tion is largely predictable and easy to reeducate 
[8, 19]. Transfer of one of the PT motor branches 
was able to restore finger flexion in three among 
four patients [23, 24]. Using either the ECRB or 
the distal PT, which has our preference because it 
is longer than the proximal PT motor branch, sur-
gery is performed with an anterior incision on the 

Fig. 33.8 Intraoperative view of the transfer of nerves to 
supinator (NS) to the posterior interosseous nerve (PIN) 
and the extensor carpi radialis brevis motor branch 
(ECRB) to the anterior interosseous nerve (AIN). (RS) 
radial superficial nerve. Arrows indicate the site of nerve 
coaptation

Fig. 33.9 Cadaveric dissection of the right antecubital 
fossa depicting the extensor carpi radialis brevis motor 
branch (ECRB) and the distal branch of the pronator teres 
(DPTB)

Fig. 33.10 Cadaveric dissection of the right antecubital 
fossa depicting the motor branches of the pronator teres 
(PT). The forceps holds the distal pronator teres motor 
branch (DPTB). Proximal pronator teres motor branch 
(PPTB)

Fig. 33.11 Schematic representation of the anterior 
interosseous nerve (AIN) and number of myelinated fibers 
at different levels. (FPL) Flexor pollicis longus, (PQ) pro-
nator quadratus, (FDP) flexor digitorum profundus, (AIA) 
anterior interosseous artery, (UA) ulnar artery, (PTD) pro-
nator teres deep branch, and (MN) median nerve
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antecubital fossa. Special care should be taken 
when dividing the AIN.  A motor branch stem-
ming from the AIN proximal to the PT muscle 
might innervate the flexor carpi radialis (FCR). 
This motor branch must be preserved either by 
internal neurolysis of by sectioning the AIN dis-
tal to it. In lower-type injuries of the brachial 
plexus, the FCR is the only wrist flexor function-
ing. Our preference now is to connect the ECRB 
motor branch with the AIN and the DPTB with 
the main branch of the FDS. By using this strat-
egy, we can not only increase grasping strength 
but also ensure reinnervation of the FDS that 
could be used to treat clawing, if needed 
(Figs. 33.12 and 33.13).
To establish independent control of radial and 
ulnar fingers, we have transferred the motor branch 
of the brachialis to the ulnar nerve. This technique 
was not reliable because of difficulties in motion 
control and long interval of at least 3 years to start 
motion relying on the nerve to brachialis. In those 
cases, resisted elbow flexion was a facilitator 

Fig. 33.12 Intraoperative view of the right antecubital 
fossa depicting our current approach to reconstruct thumb 
and finger motion in a lower-type injury of the brachial 
plexus. The incision used follows the guideline on 
Fig. 33.7. Nerves to supinator (NS) are transferred to the 
posterior interosseous nerve (PIN) for thumb and finger 
extension reconstruction. For thumb and finger flexion 
reconstruction, the extensor carpi radialis brevis motor 
branch (ECRB) is transferred to the anterior interosseous 
nerve (AIN), while the distal pronator teres motor branch 
(DPTB) is transferred to a branch of the flexor digitorum 
superficialis (FDS). Pronation is preserved because the 
proximal branch of the pronator teres is retained

a

b

Fig. 33.13 Postoperative view of the hand of two dif-
ferent patients 36 months after surgery. In Case a, we 
transferred the extensor carpi radialis motor branch to 
the anterior interosseous nerve and the nerve to supina-
tor to the posterior interosseous nerve. In Case b, in 
addition to the nerve transfers performed in Case a, we 
transferred the distal pronator motor branch to a FDS 
branch. Full finger flexion-extension was obtained in 

both patients. However, in Case a, there was a predomi-
nant flexion of the thumb and radial fingers, while this 
was less evident in Case b. In both patients, when resist-
ing finger flexion, the flexor pollicis longus contracted 
as well. This can be observed in the image on the right 
side at the bottom. Note that despite no intrinsic muscle 
reconstruction, proximal interphalangeal joint exten-
sion was almost complete
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movement for finger motion [12]. Alternative 
donor nerves for transfer to the AIN are the nerve 
to brachialis [25] and nerve to brachioradialis [26]. 
We do not advocate those nerve transfers because 
our results were not encouraging when we 
employed either one or the other [11].

 Intrinsic Muscle Reconstruction

Not all patients need intrinsic muscle reconstruction 
related to the inability to fully extend the PIP joint, 
but when needed, surgery is a great challenge. We 
have unsuccessfully tried the transfer of the ECRB 
tendon prolonged with tendon grafts to the lateral 
band of the extensor tendons as reported elsewhere 
and have abandoned this technique [27, 28]. We 
have removed a ellipse on the distal palmar crease 
and sutured the A1 pulley to the proximal dermis. 
Although this maneuver prevented MP hyperexten-
sion, it did not keep the MP flexed, consequently 
not improving PIP extension dramatically. We have 
tried to centralize the lateral bands of the extensor 
tendon by releasing the sagittal bands from the volar 
plate at the PIP joint and suturing them over the 
extensor tendons without much benefit. The only 
cases in which we observed improvement was when 
the FDS was functional and one slip was transferred 
dorsally to the central band of the extensor tendon at 
the PIP joint. We observed improvement of PIP 
extension but with some limitation of PIP flexion. 
Difficulties in correcting PIP extension lag are 
related to (a) suboptimal strength of the EDC after 
reinnervation, (b) central band elongation, and (c) in 
most cases the lack of the FDS to use as a donor for 
tendon transfer. This is the reason why we now 
advocate reinnervation of the FDS by a nerve trans-
fer using the distal PT motor branch as donor.

 Chronic Cases

 Elbow Extension
In long-standing lesions, more than 2  years, 
elbow extension should be reconstructed by mus-

cle transfer similar to those used for the treatment 
of tetraplegia. However, if biceps to triceps ten-
don transfer is chosen and if the nerve to the supi-
nator is to be used for reconstruction of thumb 
and finger extension, supination will be lost. 
Posterior deltoid is an alternative, but results are 
less encouraging [29]. More recently, the use of 
the lower trapezius was described as a method for 
elbow extension reconstruction [30–32].

 Thumb and Finger Extension
In lower-type injuries, the only preserved wrist 
flexor is the FCR, and it should be preserved. In 
our hands, when we transferred the ECRL or the 
brachioradialis to the extensor tendons, results 
were not impressive. Finger flexors are paralyzed, 
and very few alternatives remain available. 
Tenodesis of the EDC to the dorsal side of the 
radius or to the FDS through the interosseous 
membrane can improve hand span; however, the 
wrist should be at least in 30 of flexion [33]. 
Because of this drawback, some surgeons propose 
no reconstruction for thumb and finger extension 
if the only option is tenodeses [34]. In this situa-
tion of complete lack of donor tendons for transfer, 
we suggest a free gracilis muscle transfer reinner-
vated by the nerve to supinator [35]. We advocate 
attaching the gracilis muscle a little bit tight to take 
advantage of the tenodesis effect of wrist flexion.

 Finger and Thumb Flexion
In patients with injuries between 1 and 2 years, if 
young, we still consider nerve transfers for finger 
flexion and extension reconstruction. However, 
in this situation, the donor nerve imperatively is 
one branch of the PT, because the radial wrist 
extensors should be preserved for use for tendon 
transfer for finger flexion reconstruction in case 
of nerve transfer failure.

In long-standing paralysis, either ECRB or 
ECRL tendon is useful for finger flexion recon-
struction. It seems that strength provided by these 
tendon transfers are higher than with nerve trans-
fer [33]. We observed, however, that tendon 
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transfer augmented the deficit of PIP extension. 
Another alternative is the transfer of the brachia-
lis muscle prolonged with a tendon graft to the 
FDP and FPL (Figs. 33.13 and 33.14). Recovery 
of ROM for finger flexion may not be complete, 
but it is useful and strong. Finger flexion strength, 
however, depends on elbow position [36–38].
 Ancillary Procedures
In some patients with tendon transfer procedures 
for finger flexion reconstruction, stabilization of 
the thumb IP joint in extension is important on two 
grounds: (a) to prevent nail to nail pinch with the 
index finger and (b) to prevent the flexed thumb 
from missing the index finger platform. To achieve 
this, we transfer one half of the FPL to the EPL at 
the proximal phalanx of the thumb as proposed 
elsewhere [39]. In some patients with C8–T1 root 
injury, extensor tendons are not paralyzed, and if 
the ECU is working, it can be transposed for thumb 
opposition. Concomitantly, the ECRB can be pro-
longed with a tendon graft passed between the first 
and second metacarpals and attached to the medial 
side of the thumb MP to mimic the adductor pol-
licis function. The intention of this transfer is not 
only to increase pinch strength but also to increase 
thumb adduction ROM, which allows thumb 
motion towards the ulnar fingers.

 Sensory Reconstruction

 Pain and Touch

Sensory reconstruction should address the 
ulnar side of the hand. Two recipient nerves 
should be considered: (a) dorsal branch of the 
ulnar nerve and (b) the proper palmar ulnar 
digital nerve (PPUDN) of the little finger. In 
the case of reinnervation of the DBUN, the 
donor nerve is the palmar cutaneous branch of 
the median nerve. Protective sensibility is 
restored on the dorsoulnar side of the hand but 
not on the ulnar side of the little finger. When 
the recipient nerve is the PPUDN of the little 
finger, the donor nerves are the cutaneous 
branches that innervate the skin just distal to 
the thenar eminence. To consider these nerves 
as donors, preoperatively we must check to 
ensure that sensations in this zone are pre-
served. Expected results are much less than 
normal. Usually patients recover light touch 
and pain perception. Two-point discrimination 
is not restored. We reinforce, however, that the 
goal of surgery is to reconstruct protective 
sensibility [40]. When patients request, also 
sensibility on the ulnar side of the forearm can 
be reconstructed by transferring the lateral 
antebrachial cutaneous nerve to the ulnar 
nerve or to the medial antebrachial cutaneous 
nerve [41].

A very interesting point about nerve transfer 
in lower-type injuries of the brachial plexus is 
that sensibility can be restored even in 
 long- standing paralysis, years after accident. The 
reason for this is that lower-type paralysis is asso-
ciated with root avulsion, i.e., pre-ganglionic 
lesion. Because in the sensory system the sensory 
neurons are located in the DRG, there is no 
degeneration in the peripheral nerve (Fig. 33.15). 
Consequently, somatosensory potentials can be 
recorded in the ulnar nerve in a paretic and anes-
thetized limb [42]. In a single case, even after 
14 years of trauma, we have successfully restored 
sensibility on the ulnar side of the forearm and 
wrist by transferring the lateral antebrachial cuta-
neous nerve to the ulnar nerve.

Fig. 33.14 Intraoperative view of transferring the bra-
chialis muscle prolonged with a tendon graft, which will 
reach the distal forearm by tunneling between the flexor 
digitorum superficialis and flexor digitorum profundus 
(FDP) to be sutured to the FDP and flexor pollicis longus. 
Because graft and tendons can be attached with strong 
sutures, there is no need for postoperative casting. Motion 
can be started promptly
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 Rationale

Prehensile function is the most advisable recon-
struction for patients with pan-brachial plexus 
injury (BPI). Several surgical approaches have 
been developed for this strategy [1–4]. 
Conventional surgical reconstructions such as 
combined nerve transfer (NT) and contralateral 
C7 transfer (CC7) excluding double free muscle 
transfer (DFMT) procedures [5–8] did not attain 
desired hand function. Simple NTs to median or 
ulnar nerve displayed far too much gap between 
nerve suture site and neuromuscular units of the 
targeted forearm muscle as well as numerous 
branches of distal nerve, which can result in mis-
direction of regenerating nerve fibers. Even 
though NT and CC7 provided random innerva-
tions to the forearm muscles, it did not recover 
reliable prehension [9–11]. DFMT was advanta-
geous as the nerve suture site was within proxim-
ity to the neuromuscular unit and the distal nerve 
had only one motor branch, which promoted 
early and certain innervations to the transferred 
muscle [12].

The DFMT did not restore key pinch like 
Moberg-type simple hand grip reconstruction, 
which is used as the standard technique for 
patients with spinal cord injury. However, the 
weak pinch function by synergistic action was 
ineffective for patients with brachial plexus 
injury [12, 13], because BPI patients have normal 
contralateral upper limb and can perform most 
activities of daily living. This is very different for 
patients with spinal cord injury. Patients with 
complete brachial plexus palsy need reconstruc-
tion of few important two-handed activities, such 
as lifting a heavy box with both hands or holding 
a bottle while opening its cap. These require a 
powerful grip independent of the contralateral 
limb as well as the use of both hands. Direct acti-
vation of finger flexion and extension is impera-
tive for a powerful grip.

Based on these rationales, we introduced 
the double free muscle transfer (DFMT) pro-
cedure in 1995 [5] and added several modifi-
cations [14, 15].

 Outline of Current Double Free 
Muscle Transfer

Stage 1 consisted of surgical exploration of the 
brachial plexus and intraoperative diagnosis 
using electrophysiological testing and nerve 
repair for reconstruction of the shoulder function 
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when the patients presented less than 6 months 
from injury.

Stage 2 was to perform the first FFMT to 
restore elbow flexion and finger extension 
(Fig. 34.1).

Stage 3 comprised of the second FFMT to 
restore finger flexion (Fig. 34.2), nerve transfers 
of the third and fourth intercostal nerves to the 
motor branch of the triceps to restore elbow 
extension (Fig. 34.3), and transfer of the sensory 
rami of intercostal nerve to the median nerve to 
restore hand sensibility.

Stage 4 consisted of supplemental procedures 
of wrist fusion (Fig. 34.4) and Zancolli’s capsu-
lodesis (Fig. 34.5).

 Indication

Not all patients with a pan-BPI are candidates for 
DFMT. Currently the indications for DFMT are 
as follows:
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Thoraco-acromial a.
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Extensor digitorum
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Brachioradialis &
wrist extensors
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Fig. 34.1 Stage 2 of the procedure, in which the first 
gracilis muscle graft is used to restore elbow flexion and 
finger extension. (Reuse according to STM guideline 
from the author’s article [12])
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Fig. 34.2 Stage 4 of the procedure, in which the second 
gracilis muscle graft is used to restore elbow flexion and 
finger flexion. (Reuse according to STM guideline from 
the author’s article [12])

Median n.

Triceps m.

Radial n. triceps br.

ICN 2,3
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Fig. 34.3 Stage III of the procedure: sensory restoration 
of the hand with nerve transfer of the intercostobrachial 
nerve and sensory rami of the second and third intercostal 
nerves to the median nerve and reconstruction of elbow 
extension with nerve transfer of the third and fourth inter-
costal nerves to the long-head branches of the triceps bra-
chii muscle of the radial nerve
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Indications
• Pan-paralysis of the brachial plexus, and 

selected cases of lower-type BPI with no avail-
able muscles for tendon transfer in the forearm

• Acute cases that are less than 6 months after 
injury

• Failed or chronic cases exceeding 7  months 
after injury with available donor motor nerves 
from the spinal and intercostal nerves

• Patients younger than 50 years but more pref-
erably patients younger than 40 years old

• Financial support and patient’s motivation to 
continue postoperative rehabilitation longer 
than 1 year

• BMI less than 25

Contraindications
• Patients older than 60 years
• Accompanying serious systemic injury such 

as head and spinal cord injury

• Injury of subclavicular artery without avail-
able recipient artery

• BMI greater than 30

 Surgical Procedure

 Stage 1: Shoulder Reconstruction

The priority for donor nerve for shoulder recon-
struction was C5 nerve root, of which availability 
was judged by preoperative magnetic resonance 
imaging (MRI) and intraoperative electrical stim-
ulation. After surgical exploration, SSN will be 
connected with sural nerve graft. When the C5 
root was found to be unusable (i.e., avulsion), the 
priority shifted to SSN reinnervation in DFMT 
using CC7 before 2006 and phrenic nerve (PN) 
transfer after 2007.

All patients underwent exploration of the C5 
to T1 nerve roots through the transverse cervical 
and supraclavicular incisions, and the availability 
of C5 nerve root was decided after direct electric 

Fig. 34.4 Wrist fusion with a dynamic compression plate 
and screws

Fig. 34.5 Capsulodesis of the metacarpophalangeal joint 
for static correction of claw finger deformity, by proximal 
advancement of the distally based flap of the volar plate. 
The volar plate is anchored to the metacarpal neck
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nerve stimulation. When the serratus anterior 
muscle contracted, it was decided to use the C5 
nerve root to connect to the distal SSN nerve 
stump with sural nerve graft. And when C5 was 
found to be beyond repair, posterior divisions of 
CC7 from the contralateral neck were transected 
and transferred through a subcutaneous tunnel in 
the upper chest region, and the distal end of CC7 
was connected to SSN utilizing vascularized 
ulnar nerve graft. The PN was harvested distally 
from beneath the sternal attachment of the ster-
nocleidomastoid muscle with direct coaptation to 
SSN.

Excluding CC7 transfer, nerve grafting of C5 
to SSN or NT of PN to SSN was performed 
simultaneously with stage 2 operation.

 Stage 2: 1st FFMT for Elbow Flexion 
and Finger Extension (Fig. 34.1)

After exploration of the spinal accessory nerve 
through the lateral transverse supraclavicular 
incision with detachment of the trapezius mus-
cle from the clavicle and acromion, division of 
the distal branch of the spinal accessory nerve 
and transfer to the supraclavicular fossa, the 
thoracoacromial artery, and the cephalic vein 
were explored through additional deltopectoral 
skin incision. A subcutaneous tunnel between 
the deltopectoral skin incision and the anterior 
cubital skin incision was made to pass the mus-
cle graft in the anterior upper arm, and a pul-
ley was created underneath the brachioradialis 
and long wrist extensor muscles. The extensor 
digitorum communis (EDC) tendons were dis-
sected through the additional dorsal forearm 
skin incision.

 Harvesting the Gracilis Muscle
The donor gracilis muscle from the proximal ori-
gin to the distal attachment in the contralateral 
thigh was harvested as the ultimate location of 
the neurovascular bundle matched the site of the 
donor vessels for the 1st FMT and in the ipsilat-
eral thigh for the 2nd FMT. The length of gracilis 
muscle under the maximal traction should be 
measured before detaching the pubic origin to 

adjust correct tension of muscle at suturing (see 
chapter on “Gracilis Harvest”).

 Transfer the 1st Muscle Graft (Fig. 34.1)
The transferred muscle to the acromion and lat-
eral clavicle was sutured, ensuring it lay superfi-
cially over the anterior portion of the deltoid 
muscle and pass the distal tendon of the muscle 
graft into the subcutaneous tunnel in the upper 
arm and the pulley described above.

The nutrient vessels of the muscle to the tho-
racoacromial artery and cephalic vein were anas-
tomosed individually, and the motor nerve of the 
gracilis was passed underneath the clavicle and 
sutured to the SAN in the supraclavicular region. 
After neurovascular anastomoses, the distal ten-
don of the gracilis was sutured to the EDC tendon 
using two weaves of interlacing suture maintain-
ing the finger in full extension, with the wrist in 
neutral position and the elbow in −30°of flexion 
allowing the elbow in 90° flexion with the fingers 
fully flexed and the wrist in neutral extension.

 Stage3: Nerve Transfer for Elbow 
Extension and Sensory Restoration 
(Fig. 34.3)

 Stage 4: 2nd FFMT for Elbow Flexion 
and Finger Flexion (Fig. 34.2)
Steps 3 and 4 were done at the same operation.

Through the skin, an incision extending from 
the longitudinal medial upper arm, the midaxil-
lary line, and the transverse incision over the 
sixth rib until the costochondral junction was 
made to expose the second to sixth ribs. The 3rd 
to 6th intercostal nerves in the lateral chest region 
and the tricep branches of the radial and median 
nerve were dissected. Bypassing the non- 
absorbable sutures through four holes made in 
the second and third ribs to fix the origin of the 
second muscle graft. The subcutaneous tunnel 
and the pulley underneath the pronator teres and 
long wrist flexor muscles were constructed using 
the same process as mentioned within stage 2 in 
the medial upper arm. The flexor digitorum pro-
fundus (FDP) tendon was dissected through a 
volar forearm skin incision. The nerve transfer of 
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the intercostal brachial and sensory rami of the 
third intercostal nerve to median nerves was done 
for sensory restoration of the hand, and the third 
and fourth intercostal nerves should be trans-
ferred to the motor branch of the triceps muscles 
to activate the elbow extension. These were com-
pleted before the second muscle was detached 
from the donor site (Fig. 34.3).

 Transfer of the 2nd Muscle Graft
The harvested donor gracilis muscle was trans-
ferred from its proximal origin to the distal 
attachment in the ipsilateral thigh to the recipient 
site. After suturing the proximal end of the mus-
cle graft to the second and third ribs and passing 
the muscle under pulley of the pronator teres and 
long wrist flexors, anastomosis was done to the 
nutrient vessels of the thoracodorsal artery and 
vein. Following this, suture the fifth and sixth 
intercostal nerves to the motor nerve of the sec-
ond muscle transplant. Finally, the distal portion 
of the muscle graft was coapted to the FDP ten-
don (Fig. 34.2) after determining muscle tension 
with the principles described above.

 Postoperative Monitoring 
of the Muscle Vascularity

The use of skin flap as a monitoring tool cannot 
sensitively reflect the vascularity of a FFMT and 
may result in delayed detection of vascular com-
promise. We routinely use the compound muscle 
action potentials (CMAPs) as a supplemental 
method in the monitoring of free gracilis trans-
fers [16, 17]. The clinical critical values of CMAP 
amplitude changes for vascular compromise are 
more than 40% sudden decrease and continued 
decrease. This technique has proved clinical sig-
nificance in current vascular compromised cases.

 Postoperative Management

After each muscle transfer, the upper limb should 
be immobilized with the shoulder in 30° of 
abduction and flexion and 60 °of internal rota-
tion, the elbow in 100° of flexion, the wrist main-

tained at neutral position, and the fingers in 
forced flexion or extension. This should be done 
using an arm brace and cast for 4  weeks, and, 
subsequently, a sling can be used to prevent sub-
luxation of the glenohumeral joint until recovery 
of the shoulder girdle muscles.

 Rehabilitation

Early passive mobilization is started to prevent 
adhesion of the muscle-tendon unit 1 week after 
free muscle transfer and continued to active 
movement of fingers [18] (Fig. 34.6).

Documentation of reinnervation of the trans-
ferred muscle usually performed between 3 and 
8 months postoperatively by electromyographic 
feedback techniques using small portable myo-
trainers with surface electrodes is initiated to 
train the transferred muscles to move the elbow 
and fingers (Fig. 34.7) as patients usually have 
difficulty contracting each muscle effectively. 
After recovery of active elbow and finger move-
ments, electromyographic feedback to train 
independent finger flexion and extension is 
commenced, and simultaneous flexion of the 
elbow should be negated by the antagonist 
action of the triceps brachii. This depends on 
reinnervation from the third and fourth inter-
costal nerves. The patients are taught a home 
program to activate the individual transferred 
gracilis and triceps muscles.

Usually, patients stay in the hospital for 
2  months after the second free muscle transfer 
and then attend a nearby rehabilitation center two 
to three times a week and visit our clinic every 
1–3 months for another 1 1/2–2 years.

Ultimately, most patients with satisfactory 
recovery of active finger motion develop an 
intrinsic-minus finger deformity but are able to 
use their hand for hook grip. Patients undergo a 
progressive resistance excessing consisting of 
strengthening finger flexion, elbow flexion, and 
shoulder adduction with pulleys and weights, in 
order to increase the strength of the hook grip and 
arm-trunk prehension. The patients are then 
started on skilled activities, such as lifting, hold-
ing, carrying, and pinching.

34 Restoration of Hand Function in Pan Plexus Injury – Double Free Functioning Muscle Transfer
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Fig. 34.6 Illustrated case with right pan BPI. (a) shoul-
der abduction, (b, c) shoulder external and internal rota-
tion, (d) shoulder flexion, (e, f) elbow extension and 
flexion, (g, h) elbow flexion and extension in supine posi-
tion showing M2 power of elbow extension, (i, j) finger 

flexion and extension with stability of elbow to prevent 
simultaneous elbow flexion by double transferred mus-
cles, (k, l) finger flexion and extension without any sup-
port of contra lateral normal hand
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 Secondary Reconstruction

 Wrist Fusion

When the wrist remains unstable following wrist 
splinting, the wrist joint is fused in the neutral 
position or mild dorsiflexion using dynamic com-
pression plate (Fig. 34.4) [14, 19].

 Correction of Intrinsic-Minus 
Deformity

Claw finger deformity is frequently observed 
after satisfactory recovery of finger flexion and 
extension. This should be prevented by applying 
a plastic static volar splint, but most patients 
require secondary procedures, including wrist 
fusion with Zancolli’s MCP joint capsulodesis 
(Fig. 34.5) [14] or transient interphalangeal joints 
fixation with K-wires which depends on the 
patient’s selection under a preoperative trial with 
a simulation splint4.

 Current Outcomes Summarized

Out of the 114 patients with more than 24 months 
postoperative follow-up, excluding 3 postopera-
tive vascular compromises, 3 children, and 3 for-
eign patients, there were only 4 females and the 
remainders were males. Median age of the 

patients was 24 years old (range: 15–55 years). 
Except for five patients who presented to us very 
late (>100 months from injury), the median time 
to first intervention was 3  months (range: 
1–56 months). Median follow-up after the second 
FFMT was 30 months (range: 24–164 months).

Median range of shoulder motions were 30° 
(range: 0–100°) in abduction and −  20° (range: 
−80–45°) in external rotation individually. Median 
range of elbow flexion was 120° (range: 80–155°).

Power of elbow flexion according to BRMC 
grading was noted as M4  in 62, M3  in 48, and 
M2 in 4. Power of elbow extension in 53 patients 
who underwent INC-triceps branch transfer was 
M3 in 12, M2 in 21, M1 in 15, and M0 in 5.

TAM of finger joints was recorded as excel-
lent (>60°) in 114 patients, good (30–55°) in 51 
patients, fair (5–25°) in 24 patients, and poor (0°) 
in 5 patients. Quantitative isokinetic measure-
ments of elbow flexion done in 77 patients 
revealed that the reconstructed limb regained a 
concentric elbow flexion of 5 Newton meters 
(12% of contralateral normal limb) and eccentric 
elbow flexion of 7 Newton meters (15% of con-
tralateral normal limb).

 Illustrated Case

A 16-year-old male with right pan BPI under-
went DFMT procedure including nerve transfer 
of the phrenic nerve to suprascapular nerve at 
stage 1 with standard DFMT, wrist fusion, and 
Zancolli’s techniques and obtained excellent 
functional recovery (Fig. 34.6).

 Discussion

We have reported several times the long-term 
results of DFMT to provide prehension for patients 
with traumatic total brachial plexus injury [5–8, 
12, 14, 15]. Presently, the number of cases with 
DFMT exceeds 130 cases. Owing to the increase 
in number of cases, the conclusion has been 
changed a little. In the other hand, few articles, of 
other authors, have published the DFMT outcomes 
[20–23].

Fig. 34.7 Electromyographic feedback techniques using 
small portable myotrainers (B) with surface electrodes (A)
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Besides our long-term results of DFMT, the 
Mayo Clinic Brachial Plexus Team have reported 
on the long-term results of DFMT in 30 patients 
[22]. The functional outcome of prehension 
according to the authors’ findings was excellent 
in 6 patients (which implies restoration of more 
than 90 degrees of elbow flexion, dynamic stabil-
ity of the elbow while moving the fingers, and 
more than 60 degrees of total active motion of the 
fingers), good (similar to excellent, except for 
total active motion of 30–60 degrees) in 11 
patients, fair (total active motion of less than 30 
degrees) in 3 patients, and poor in 10 patients. 
Satisfactory results (excellent and good) were 
achieved in 17 out of 30 patients (57%). Half the 
patients recovered sensitivity of the palm and 
adequate positional sense. However, protective 
sensation in the ulnar side of the hand and fingers 
showed no recovery in the other half of patients. 
Minor injury and burns can easily occur in these 
parts of the hand.

Despite reported success of double FFMT for 
prehension, it remains a daunting undertaking for 
both the surgeon and patient. Two to three major 
surgeries followed by significant dedicated reha-
bilitation may prove to be both financially and 
emotionally challenging for patients. They 
changed their procedure to single muscle transfer 
which is described in the next chapter of this 
textbook.

We are aware that other surgeons did not 
achieve as successful outcomes as we reported 
utilizing the DFMT technique [20–23]. The 
major reason for inferior outcomes following 
DFMT is the postoperative rehabilitation, which 
comprised of two sessions – early passive mobi-
lization of transferred muscle-tendon junction to 
prevent adhesion [18] and long-term rehabilita-
tion. The former session required daily atten-
dance at the rehabilitation center until the 
transferred muscle starts moving which is at 
around 5 or 6 months post-operation, and the lat-
ter session continued for 1 or 1.5 post-operation 
[12, 14, 15]. It is understandable that such long- 
term rehabilitation cannot be implemented in 
other countries, excluding Japan, unless it is for 
special insurance like worker’s care. The patient’s 
financial support and motivation to undertake 

postoperative rehabilitation longer than 1 year is 
the foremost requirement to provide satisfactory 
outcomes.

The current outcome also discloses that one- 
third of patients with DFMT attained satisfactory 
finger function (total active finger motion). 
Additionally, according to our current data, daily 
use of the reconstructed hand is directly related to 
the range of elbow flexion, TAM, and sensory 
recovery of the hand. The detailed QoL outcomes 
and patients’ satisfaction results will not appear 
in this chapter, as it will soon be published sepa-
rately in journal articles. The TAM is also depen-
dent on the patient’s age and body mass index 
(BMI). Our current indication of DFMT is based 
on a limit of patients younger than 39 years with 
a BMI of less than 23.

In conclusion, although we can’t deny that 
long hours of DFMT surgery are strenuous for 
both the surgeon and the patient, the functional 
possibility of prehension by DFMT resulted in 
hook grip which not only need finger flexion but 
also minimal opening of fingers. Based on our 
experiences from single muscle transfer, the 
patients end up never using the reconstructed 
hand because of the closed finger grip.
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Restoration of Active Grasp 
Function in Total Brachial Plexus 
Avulsion Injury

Shu-feng Wang, Yun-hao Xue, Peng-cheng Li, 
Wen-jun Li, and Feng Li

Total brachial plexus avulsion injury, which is 
the most severe type of brachial plexus injury, 
refers to the avulsion of all five spinal roots of 
the brachial plexus from the spinal cord, resulting 
in complete paralysis of the affected upper limb. 
Due to the lack of proximal residual nerve roots, 
reconnection of the spinal roots to the spinal cord 
does not lead to regeneration of nerve fibers from 
the spinal cord (Fig.  35.1). Extra plexus nerve 
transfers have been clinically confirmed to be 
an effective treatment and have achieved good 
efficacy in restoring shoulder and elbow func-
tion [1, 2]. Currently, the donor nerves available 
for transfer in clinical practice mainly include 
the accessory nerve, intercostal nerve, phrenic 
nerve, and contralateral cervical 7 (CC7) nerve . 
However, except for the CC7, all of these donor 
nerves are small and, consequently, neurotization 
can recover only partial function of the affected 
limb. No breakthrough has been discovered to 
restore hand function distal to the elbow joint, 
and restoration of hand function in patients with 
total brachial plexus avulsion injuries remains an 
aspiration of hand surgeons. To restore the active 

pick-up function of the paralyzed upper limb 
in patients with total brachial plexus avulsion 
injuries, the upper limb should at least have the 
following basic functions: active shoulder abduc-
tion, active elbow flexion and extension, and a 
stable wrist joint and active finger flexion and 
extension [3]. Restoring as many functions as 
possible using the limited donor nerve resources 
is the goal of related clinical research.

In 1989, Yudong Gu designed the method of 
CC7 nerve transfer and confirmed that severing 
the CC7 did not significantly affect contralat-
eral upper extremity function, which has been 
verified by scholars worldwide [4–7]. However, 
the traditional method of reconstructing finger 
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Fig. 35.1 Supraclavicular surgical exploration demon-
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spinal cord
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flexion function by CC7 nerve transfer involves 
dividing the ulnar nerve at the level of the wrist. 
The proximal ulnar nerve is retrogradely dis-
sected to the middle level of the upper arm and 
then is reversed to the contralateral neck through 
a subcutaneous tunnel in the neck and chest and 
used to anastomose to the CC7 in phase I of the 
surgery. When the regenerated nerve fibers from 
the CC7 grow and reach the middle level of the 
upper arm, phase II of the surgery is performed. 
The ulnar nerve is severed at the reversed site and 
coapted to the median nerve to restore the func-
tion of finger flexion. This entire procedure is 
equivalent to bridging a long segment of the ulnar 
nerve (about 35 cm), and the regenerated nerve 
fibers must pass through two anastomoses and 
then pass a distance of approximately 20 cm to 
reach the forearm muscle . The duration of nerve 
regeneration from the CC7 to the forearm muscle 
is long. In most cases, the fingers can only move 
slightly, and the final recovered finger flexion 
strength is not satisfactory [8, 9].

Based on the experience of previous research-
ers, we designed a new method in May 2004 in 
which the CC7 is transferred to the lower trunk 
directly via the shortest prespinal route to restore 
finger flexion, and the CC7 is synchronously 
bridged with the medial antebrachial cutane-
ous nerve continued (MABCN) from the lower 
trunk to regenerate to the musculocutaneous 
nerve and restore elbow flexion [10]. In 2013, a 
study of 73 patients with more than 4  years of 
follow-up showed that more than 64% of the 
patients had finger flexor muscle strength reach-
ing level 3+ or higher, and 60% of the patients 
had elbow flexor muscle strength reaching level 
3+ or higher [11]. The therapeutic efficacy of this 
new method is significantly improved compared 
to that of the conventional method. This tech-
nology was named the “Wang technique” at the 
8th International Brachial Plexus Conference in 
India in November 2015, and some researchers in 
India have reproduced the same result [12].

 

Following these achievements in the recovery 
of finger flexion, restoring finger extension has 
become another obstacle to overcome. In addition 
to the CC7, the remaining donor nerves, such as 
the spinal accessory nerve and the phrenic nerve, 
are small, have limited nerve fibers, and cannot 
ensure the recovery of finger extension if used 
to regenerate the radial nerve. Theoretically, if a 
functional bundle that mainly innervates finger 
extension can be found in the brachial plexus, then 
the limited regenerated nerve fibers can be con-
centrated in the finger extensor muscles through 
direct coaptation, which can thus solve the mis-
match problem between the donor nerve and the 
recipient nerve. However, such a functional nerve 
bundle remains to be identified. Clinical studies 
have shown that patients with completely injured 

upper and middle trunks (C5-7 injuries) and a 
normal lower trunk have normal finger flexion 
and extension, and their elbow extensor muscle 
strength is about grade 4. This finding suggests 
that finger flexor muscle and interosseus mus-
cle are derived from innervation of the anterior 
division of the lower trunk (through the medial 
cord to the medial head of the median nerve and 
ulnar nerve) and that elbow and finger extension 
is derived from the innervation of the posterior 
division (through the posterior cord to the radial 
nerve). Through many clinical observations and 
electrophysiological studies, we have confirmed 
that the posterior division of the lower trunk 
(PDIT) is the main functional nerve tract that 
innervates the finger extensor muscles (and is 
more important than the posterior division of C7) 
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and innervates the long head of the triceps [13] 
(Fig.  35.2). Based on this finding, we designed 
a surgical procedure that directly coapts the 
phrenic nerve with the posterior division of the 
lower trunk to restore elbow and finger extension, 
which was first applied clinically in June 2005. 
In 2015, we reported 27 patients with total bra-
chial plexus injuries who underwent this surgery 
and were followed up for more than 4 years [14]. 
Our results showed that 81.5% and 48% of the 
patients regained M3 or greater muscle power for 
elbow and finger extension, respectively.

Since November 2006, we have used modified 
multiple nerve transfer methods to restore active 
pick-up function in patients with total brachial 
plexus avulsion injuries. In one surgical proce-
dure, three groups of nerve transfers are used to 
restore five functions, including accessory nerve 
transfers to neurotize the suprascapular nerve and 
restore shoulder abduction and external rotation, 
CC7 nerve transfers via the prespinal route for 
direct coaptation with the lower trunk to restore 
finger flexion and wrist flexion, medial ante-
brachial cutaneous nerve transfers to neurotize 
the musculocutaneous nerve to restore the func-
tion of elbow flexion, and phrenic nerve transfers 
to neurotize the posterior division of the lower 
trunk to restore elbow and finger extension [15]. 
Conventional multiple nerve transfers usually 
require three to four surgeries, whereas the newly 

designed method can be completed in one proce-
dure, which reduces medical costs, shortens the 
duration of muscle denervation, and facilitates 
the recovery of function of the affected limb.

If muscle strength can be recovered for all 
restored functions described above following 
nerve transfers (≥3 years for adults after surgery 
and ≥ 2 years for children), then hand function 
reconstruction including wrist arthrodesis, oppo-
nensplasty or carpometacarpal (CMC) fusion, 
and volar metacarpophalangeal (MP) joint cap-
sulodesis can restore the active pick-up function 
of the affected upper limb in some patients.

 Modified Multiple Nerve Transfers

 Supraclavicular Exploration

A transverse supraclavicular incision parallel to 
the clavicle is made. A skin flap including the 
platysma is raised as much as possible superi-
orly and inferiorly. The posterior margin of the 
sternocleidomastoid muscle is exposed, and the 
external jugular vein is ligated. The supraclavicu-
lar sensory nerve branch is exposed and retracted 
for protection. The cervical fascia is incised and 
the omohyoid muscle is exposed and retracted 
for protection. The transverse cervical vessels are 
severed and ligated. Medially, the phrenic nerve 
is located on the anterior surface of the anterior 
scalene muscle. In most cases, a dense scar mass 
is present at the interscalene space and extend to 
the behind of clavicle. The supraclavicular bra-
chial plexus is usually covered by the scar tissue 
and difficult to expose. Under this circumstance, 
we prefer to identify the distal of suprascapular 
nerve firstly, which is located behind and deep to 
the origin of omohyoid muscle. Then, the supra-
scapular nerve is dissected retrogradely to its ori-
gin from the posterior division of the upper trunk, 
which is used as a mark to identify the anterior 
division of the upper trunk and the upper trunk. 
Using the upper trunk as a marker, the middle 
and lower trunks are then exposed sequentially. 
Avulsion injury can be determined by observing 
the ganglion of the nerve root by tracing it to the 
corresponding intervertebral foramen proximally 

Fig. 35.2 Intraoperative photograph showing the poste-
rior division of the lower trunk (PDLT) of the brachial 
plexus exposed through the supraclavicular incision. LT 
lower trunk, UT upper trunk
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along the nerve trunk. After exposing the avulsed 
lower trunk, the PDLT can be exposed by dis-
secting distally and then the PDLT is dissected 
retrogradely to the proximal and severed at the 
origin. The distal end of the PDLT is labeled for 
subsequent use. If the lower trunk is avulsed dis-
tally behind the clavicle, or the PDLT originates 
distally, the PDLT should be explored inferior to 
the clavicle [14].

The phrenic nerve is isolated toward the medi-
astinum through the thoracic outlet. The dis-
sected level of the phrenic nerve should be as 
long as possible so that it can be directly coapted 
to the posterior division of the lower trunk. Since 
the phrenic nerve travels close to the large blood 
vessels in the mediastinum, especially the right 
phrenic nerve, which is located in the mediasti-
num on the side wall of the superior vena cava, 
harvesting of the phrenic nerve in the mediasti-
num should be performed under direct visualiza-
tion. In order to clearly expose the upper segment 
of the phrenic nerve at the mediastinum, the clav-
icle should be lifted forward with a goiter retrac-
tor, and the thoracic outlet should be separated 
bluntly. When the upper segment of the phrenic 
nerve at the mediastinum is exposed, the phrenic 
nerve is pulled proximally using a nerve hook 
and dissected as distally as possible using a pair 
of long-handled tissue scissors. Generally, inci-
sion of the phrenic nerve at a depth of 2 cm in the 
mediastinum is safe.

Notes of supraclavicular surgical exploration: 
if no ganglion is observed on the ruptured nerve 
root, and which is significantly shorter than its 
natural length, in this situation it usually indi-
cated that the related nerve root probably rup-
tured other than avulsed. We should review the 
preoperative magnetic resonance imaging (MRI) 
of the brachial plexus again to see whether there 
is a residual nerve root present, and carefully 
surgical exploration should be traced to the cor-
responding intervertebral foramen. Additionally, 
for a small number of patients who suffered with 
total brachial plexus preganglionic injures, no 
obvious abnormalities are detected when explor-
ing the brachial plexus above the clavicle. Almost 
no dense scar tissue around the nerve roots can be 
detected, and the appearance of the nerve roots 

outside the intervertebral foramen obviously is 
not abnormal, and no avulsed ganglion around 
the exit of intervertebral foramen can be visual-
ized. This situation is probably caused by a shift 
of the spinal cord, which causes breakage of root-
lets of the affected nerve in the spinal canal when 
the cervical spine is subjected to severe trauma, 
and the ruptured rootlets are still inside the spi-
nal canal [16]. Some unique manifestations of 
this type of brachial plexus injury are evident on 
MRI in these patients, the pseudodural cysts in 
the cervical spinal canal extend from C5 to T1 
on the affected side, and the filling defects can be 
found in the pseudodural cysts. Edema is pres-
ent in the brachial plexus outside the vertebral 
foramen, but continuity of the brachial plexus is 
noted (Fig. 35.3a, b). An X-ray examination often 
shows that the cervical transverse and spinous 
processes of the cervical vertebrae are fractured. 
The specificity of the injuries should be fully 
considered before surgery for this type of patient. 
Although a pseudodural cyst is present within the 
spinal canal, especially at C8 and T1, the ante-
rior and posterior rootlets of the corresponding 
nerves may still be partially continuous. These 
patients should be observed for at least 3 months 
after injury, and surgical exploration should be 
performed if no functional recovery is noted.

 Infraclavicular Brachial Plexus 
Exploration – Mobilization of Lower 
Trunk and Posterior Division 
of the Lower Trunk Through 
the Infraclavicular Approach

Infraclavicular brachial plexus is exposed 
through the deltopectoral groove approach. After 
skin incision, the deltopectoral interval was 
maneuvered to expose the cephalic vein. The 
infraclavicular plexus was explored by detach-
ing the tendinous insertion of the pectoralis 
major and minor muscle. The musculocutaneous 
nerve, the lateral head of the median nerve, the 
ulnar nerve, the medial head of the median nerve, 
and the medial antebrachial cutaneous nerve 
were exposed. Dissecting proximally along the 
medial cord to the lower trunk behind the clav-
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icle and getting through the supraclavicular and 
the  infraclavicular incision, the lower trunk was 
delivered from the supraclavicular into the infra-
clavicular incision. Then, the PDLT originating 
from the lower trunk can be clearly exposed and 
severed at the origin. The proximal end of PDLT 
can be separated and removed from the full LT 
using micro- intrafascicular dissection surgical 
technique, but they could not be taken out from 
the C8 and T1 nerve roots because the nerve fas-
cicles interweave. The authors chose to exclude 
the PDLT from the lower trunk in order to direct 
all the axons toward the medial root of the 
median nerve and the ulnar nerve for restoration 
of the wrist and finger flexion. The lower trunk, 
medial cord, medial head of the median nerve, 
main trunk of the median nerve, ulnar nerve, and 
MABC nerve were dissected distally until reach-
ing the middle level of the upper arm (Fig. 35.4). 
The medial pectoral nerve and medial brachial 
cutaneous nerve were severed at their origins, 
and the MABC nerve was cut at the middle 
level of the upper arm for subsequent use [11]. 

The lower trunk or the medial cord is used as a 
receptor nerve to restore finger flexion. One main 
factor that affects the postoperative outcome is 
whether the lower trunk is injured. In addition to 
observation under the operating microscope dur-
ing surgery, the preoperative electrophysiological 
examination is also very helpful for determining 
the quality of the lower trunk. If preoperative 
electrophysiological examination indicated that 
the somatosensory evoked potential (SEP) of the 
ulnar nerve is absent and SNAP is present, then 
preganglionic avulsion injury of the lower truck 
can be considered [17], and coaptation with the 
CC7 nerve can be performed at any level.

The musculocutaneous nerve is severed close 
to the origin. The affected shoulder joint is set at 
0° of adduction and 0–10° of anterior flexion. The 
lower trunk is pulled proximally. If the proximal 
end of the lower trunk reaches the cervical mid-
line, then the lower trunk can be coapted with the 
CC7 nerve without tension [18]. If tension after 
direct anastomosis of the nerves is expected, the 
lower trunk can be relatively extended by short-

a ba b

Fig. 35.3 (a) MRI demonstrates that the pseudodural 
cysts extend from C5 to T1 on the affected side, and the 
filling defects (arrow head) can be found in pseudodural 

cysts. (b) Nerve roots of the injured brachial plexus (arrow 
head) outside the intervertebral foramen are in continuity 
(same case with the a)
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ening the humerus. The periosteum is removed at 
the lateral edge of the biceps and the distal end of 
the deltoid muscle, and a shortening osteotomy 
of humerus is performed with a wire saw. A lock-
ing compression plate is fixed on the medial side 
of the humerus, and the tendinous part of the 
biceps is tightened and sutured. The length of the 
osteotomy is generally not greater than 4 cm for 
adults and 3 cm for children (Figs. 35.5a, b, 35.6, 
and 35.7). Otherwise, a nerve graft is essential.

The phrenic nerve was measured to deter-
mine whether it can be directly coapted with the 
PDLT. If direct coaptation cannot be completed, 
then the PDLT should be isolated distally until 
reaching the posterior cord, and the remaining 
two posterior divisions that arose from the C7 
and upper trunk, respectively, are severed simul-

taneously. Isolation of the posterior cord distally 
to the proximal segment of radial nerve can be 
continued. After cutting the axillary nerve, tho-
racodorsal nerve, upper subscapular nerve, and 
lower subscapular nerve, the PDLT can be moved 
proximal to complete direct coaptation with the 
phrenic nerve.

Notes of infraclavicular surgical exploration: 
Exploration of the supraclavicular and infra-
clavicular brachial plexus and dissection of the 
lower trunk generally do not require osteotomy 
of the clavicle. However, inexperienced surgeon 
can perform osteotomy of the clavicle such that 
the lower trunk is easier to expose and mobilize, 
which can reduce the risk of subclavian artery 
injury.

The presence of the radial artery pulse in the 
affected limb must be assessed before surgery for 
patients with total brachial plexus injury. If the 
radial artery pulse is weak or absent, then angiog-
raphy of the subclavian artery and axillary artery 
should be performed. For patients with a blocked 
subclavian artery or axillary artery, ligation of 
the artery branches should be minimized when 
exploring and isolating the brachial plexus above 
and below the clavicle to prevent ischemia of the 
affected limb. The subclavian artery or axillary 
artery can also be restored by vascular grafting. 
Normally, the autologous great saphenous vein 
is selected for transplantation rather than using 
an artificial blood vessel because anticoagulation 
treatment is required after artificial blood vessel 
transplantation, and a hematoma can easily form 
after surgery. For patients with subclavian artery 
or axillary artery blockage, if vascular restoration 
is not performed during surgery, then clavicle 
osteotomy should be avoided as much as possible 
to reduce damage to the collateral circulation.

 The Harvest of the CC7 Nerve Root

A similar supraclavicular transverse incision is 
made on the contralateral side. The contralateral 
brachial plexus above the clavicle is exposed by 
layers through a transverse incision. The contra-
lateral C7 nerve root was identified, and its ante-
rior and posterior divisions were dissected as far 

Fig. 35.4 Intraoperative photography showing the full 
freed lower trunk, posterior cord, and its branches. LT 
lower trunk, MABCN medial antebrachial cutaneous 
nerve, PDLT posterior division of lower trunk, PDUT pos-
terior division of upper trunk, ADMT anterior division of 
upper trunk
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a b

Fig. 35.5 (a, b) Intraoperative photography showing humeral shortening osteotomy just distal to the insertion of the 
deltoid muscle

Fig. 35.6 Apply locking compression plate (LCP) to the 
medial aspect of the humerus for stable fixation

Fig. 35.7 Retighten the suture of the tendon of the biceps
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distally as possible; it was divided at the junction 
between divisions and cords. Then the contralat-
eral C7 nerve root was dissected proximally to 
the neuroforamina (Fig. 35.8).

Notes of Harvest of the CC7 Nerve Root:

 Avoiding Mis-identification of the CC7 
Nerve Root
Generally, identifying CC7 is relatively simple 
during the surgical operation. However, due 
to the existence of anatomical variation of bra-
chial plexus, it is necessary to carefully identify 
whether the target nerve root was just as exactly 
as the CC7. After the brachial plexus in the health 
side was exposed, the suprascapular nerve, which 
originates at the origin of the posterior division 
of the upper trunk, should be identified first. 
Accordingly, the anterior division of the upper 
trunk and the C5 and C6 nerve roots can be iden-
tified, and subsequently the C7 nerve root can 
be exposed on the deep side. After preliminary 
identification, the anterior and posterior divi-
sions originating from the C7 nerve root can be 
observed and fused with the anterior and posterior 
divisions of the upper trunk, respectively. Special 
attention is required if the target C7 nerve root is 
inconsistent with the normal anatomical structure 
described above, in case the target C7 nerve root 
may be mistakenly identified. In this situation, 
the lower trunk and C8 and T1 nerve roots should 

be exposed to confirm whether the target nerve 
root is the C7 nerve root. Additionally, if the 
diameter of the target nerve root is too small, then 
it should be considered whether variation exists 
in the target nerve. The authors once encountered 
a case in which two independent nerve roots exit-
ing the one intervertebral foramen formed the C6 
nerve root, the upper part join the C5, and the 
inferior part was mistakenly regarded as the C7 
root. However, the correct C7 nerve root was still 
located on the deep side, which could have easily 
led to an incorrect cutting [19]. Additionally, the 
C7 nerve root is not inferior to the upper trunk 
but posterior to the upper trunk in some cases. 
In this circumstance, the lower trunk is easily 
regarded as the C7 nerve root. When the target 
nerve root was dissected distally, and the diam-
eter of the posterior division is obvious smaller 
than the anterior division, this variance indicated 
that the identified target nerve root is probably 
the lower trunk rather than the C7 nerve root. 
Therefore, the deep side should be explored fur-
ther to determine whether other nerve roots are 
present. Absence of the nerve roots indicates that 
the lower trunk was mistakenly identified as the 
C7. For the beginner, when the target C7 nerve 
root is found, you can give mechanical or electri-
cal stimulation to see if there will be elbow or 
wrist extension action elicited.

 Prevention of Iatrogenic Injury 
of the Posterior Division of Lower Trunk
After identifying the CC7 nerve root, its anterior 
and posterior divisions were dissected distally 
and then proximally until reaching the interver-
tebral foramen. Rarely, the posterior division of 
lower trunk joins the C7 nerve root at a very high 
level (prior to the C7 bifurcation of the anterior 
and posterior divisions). In this situation, if the 
C7 was sectioned at the distal end, it is equivalent 
to cutting off PDLT together, which can cause 
finger extension deficient of the healthy hand. 
Therefore, only after confirming that no PDLT 
joins the C7 in proximal level, the C7 nerve root 
was severed at its utmost distal end. In addition, 
since the posterior division of the C7 nerve root 
is deeply located, severing the posterior division 

Fig. 35.8 Intraoperative photography showing the CC7 
transectioned at the distal end of anterior and posterior 
divisions and dissected up to the intervertebral foramen
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of the C7 nerve root should prevent accidental 
injury of the PDLT [19, 12].

 Prevention of Iatrogenic Injury 
of the Long Thoracic Nerve
The composition of long thoracic nerve comes 
from the branches of C 7 and C 5, 6 nerve roots. 
The branch arising from C 7 is small and long, 
and this branch needs to be cut off. In a few cases, 
this branch arising from C7 is very short, and the 
main trunk of the long thoracic nerve is closely 
attached to the posterior surface of C7 nerve root. 
It is easy to mistakenly sever the main trunk of 
the long thoracic nerve if it is incorrectly identi-
fied as the C7 branch of the long thoracic nerve 
(Fig.  35.9). As a result, a contralateral winged 
scapula may occur postoperatively.

 Contraindication of Contralateral C7 
Harvest
Physical examination of the sensory and motor 
function of the healthy upper limb should be car-
ried out carefully pre-operation. Patients with the 
following conditions should not undergo CC7 
nerve transfer: (a) patients with partial injury of 
the contralateral brachial plexus or those with 
elbow and finger extensor muscle strength lower 
than grade M4; (b) patients with cervical spinal 
cord injury and MRI test showing a high signal 
at the cervical spinal cord and those with a posi-

tive pathological reflex of the affected upper limb 
or the muscle strength of the contralateral limb 
decreased.

 Preparation of Shortest Presipnal 
Route

Direct coaptation of the CC7 nerve root with the 
lower trunk or the medial cord without tension 
was based on the following prerequisites: A. The 
CC7 nerve is harvested to the maximum length. 
B. The shortest route is required for CC7 nerve 
transfer to the affected side. C. The lower trunk 
or the medial cord is used instead of the median 
nerve as the receipt nerve. The shortest prespi-
nal routes consist of the CC7 to the paravertebral 
body and the retro-esophagus route. Surgical 
techniques to make this shortest route are grad-
ual improving. After continuous optimization, 
the final shortest prespinal route has been estab-
lished, and the surgical techniques are as follows.

 1. The preparation of CC7 nerve root to the para-
vertebral body route: The interval space 
(angular space) between the medial margin of 
the anterior scalene muscle (Fig.  35.10) and 
the lateral margin of musculus longus colli 
was bluntly separated from the anterior to the 
deep until to the CC7 at the exit of intervete-
bral foramen. The CC7 nerve root emerging 
from the intervertebral foramen can be 
observed by pulling the anterior scalene mus-
cle outward (Fig. 35.11).

Mobilize the contralateral C7 nerve root to the 
anterior aspect of the scalenus anterior through 
this expanded angular space (Fig.  35.12). After 
completing this step, the fibrous band attached 
at the exit of intervertebral foramen should be 
carefully examined to determine whether it is 
pressed against the CC7; if this is the case, then 
the fibrous band should be divided such that the 
pathway is sufficiently wide.

The vertebral artery and its accompanying 
vein are exposed in the angle space simultane-
ously (Fig.  35.13). The lateral part of the lon-

Fig. 35.9 Intraoperative photography showing the 
branch of the long thoracic nerve, which arises from the 
CC7
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gus colli is severed to form a deep groove and to 
fully visualize the vertebral artery and vein. The 
posterior space of the vertebral artery and vein is 
separated by using right angle forceps, and the 
vertebral artery and vein were fully freed. Then 

the CC7 is guided to the paravertebral body 
space by passing it through the deep side of the 
vertebral artery and the groove formed by divid-
ing the lateral parts of longus colli (Figs. 35.14 
and 35.15).

The above steps are completed under direct 
visualization. The vertebral artery and vein may 
bleed during isolation, which is usually caused 
by rupture of the venous branch. Bleeding can 
be stopped by bipolar coagulation after applying 
pressure with the tip of the finger. If the length of 
the CC7 is ≥7 cm, then the vertebral artery and 
vein may not be exposed, and the CC7 can pass 
through the front of the vertebral artery and vein.

Fig. 35.10 Intraoperative photography showing the 
medial margin of anterior scanlene muscle. The angle 
space between the deep of the medial margin of anterior 
scanlene muscle and lateral margin of longus colli 
muscle

Fig. 35.11 Exposing the CC7 at the exit of intervertebral 
foramen through the angle space

Fig. 35.12 Intraoperative photography showing the 
mobilization of the CC7 nerve root to the anterior aspect 
of the scalenus anterior through this expanded angular 
space

Fig. 35.13 The vertebral artery and the exit at the inter-
vertebral foramen of CC7
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 2. Preparation of the retro-esophagus route: In 
the supraclavicular incision of the affected 
side, dissection was performed along the ante-
rior surface of the anterior scalene muscle 
from the lateral to the medial until reaching 
the space between the esophagus and the ante-
rior vertebral body of the affected side. The 
pathway is temporarily filled with gauze. In 
some cases, the anterior aspect of anterior sca-
lene muscle adheres to the posterior wall of 
internal jugular vein because of dense scar, 
and the boundary between the posterior aspect 
of internal jugular vein and the anterior aspect 
of anterior scalene muscle is difficult to iden-
tify. So it can break the internal jugular vein 
and cause serious bleeding when creating 

retro-esophagus route. The key point to pre-
vent the above-mentioned adverse complica-
tion is to identify the anterior surface of the 
anterior scalene muscle accurately, and the 
dissection was performed closely along its 
anterior surface. On the contralateral, unin-
jured side, continue to dissect the anterior sur-
face of the longus colli muscle bluntly until to 
the retro-esophagus space. The retro- 
esophagus route of the healthy side and 
affected side was connected by using long for-
ceps under direct inspection from both side. 
Pass a plastic tube with a diameter of approxi-
mately 5 mm through the prefabricated pres-
pinal tunnel from the injured side to the 
healthy side. Insert the contralateral C7 nerve 
root into the plastic tube and suture it in place 
(Fig. 35.16). Then, pass the contralateral C7 
nerve root to the injured side using the plastic 
tube as a guide. Generally, the CC7 nerve can 
reach the midline or more lateral of the scale-
nus anterior muscle on the injured side 
(Figs. 35.17, 35.18, and 35.19).

In rare cases, the length of the CC7 nerve root 
is shorter than 6 cm or the patient’s neck is very 
short and thick; therefore, the ultimate reach of 
the CC7 could only be at the medial border of the 
affected scalenus anterior muscle. Consequently, 
the process of completion of CC7 nerve direct 
anastomosis with lower trunk is very difficult due 
to the deep position of CC7 nerve in the above- 

Fig. 35.14 Intraoperative photography showing the CC7 
nerve root pass behind the vertebral artery

Fig. 35.15 Intraoperative photography showing the groove 
formed by divided the lateral parts of longus colli muscle, 
and the CC7 passed behind the vertebral artery

Fig. 35.16 The CC7 wrapped in the plastic tube and 
sutured in place
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mentioned circumstance, and the solution is to 
extend the supraclavicular incision to the medial 
until it reaches the medial margin of the sterno-
cleidomastoid muscle on the affected side and 
longitudinally separated along its medial border 
and retracted lateral. The omohyoid was exposed, 
and then the deep cervical fascia that encloses the 
omohyoid medial to the carotid sheath was care-
fully divided. The anterior vertebral body was 
exposed while the carotid sheath and esophagus 
were retracted laterally and medially, respec-
tively. The retro-esophagus route of the affected 
side and healthy side was connected by blunt 
dissection under direct inspection. The CC7 
nerve root was transferred to the interval space 
between the carotid sheath and esophagus on 

the injured side by using a plastic tube as in the 
above- mentioned method, and the lower trunk of 
the affected side is pulled into this space through 
the back of the sternocleidomastoid [20]. Direct 
coaptation of CC7 with the lower trunk can be 
completed at this space.

 Sequence of Nerve Anastomosis 
and Postoperative Management

After the CC7 nerve has been transferred to the 
injured side through the shortest prespinal route, 
in the infraclavicular incision, one band of sural 
nerve graft together with the medial antebrachial 
cutaneous nerve which is divided at the appropri-
ate level of the injured upper arm is first coapted 
with the musculocutaneous nerve. Then the other 
end of the grafted sural nerve together with the 
PDLT and the freed lower trunk is pulled to the 
supraclavicular incision from behind the clavicle, 
and the infraclavicular incision is closed first. 
Then the affected upper limb is wrapped with 
sterile dressing and positioned with the shoulder 
in 0° of adduction and 0–10°of anterior flexion, 
the elbow in 90°of flexion, and the forearm placed 
on the abdomen. This position is maintained until 
the operation is finished and a prefabricated brace 
is applied. The sequence of nerve repair in the 

Fig. 35.17 On the healthy side, the CC7 passed the 
behind of vertebral artery and through the groove formed 
by divided the lateral parts of longus colli muscle

Fig. 35.18 The CC7 transferred to the injured side via 
the shortest prespinal route

Fig. 35.19 Schematic illustration of the contralateral C7 
nerve transfer via the shortest prespinal route. LC longus 
colli muscle, SA scalenus anterior muscle, E esophagus, C 
carotid sheath, V vertebral artery, SM sternocleidomastoid
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supraclavicular incision was as follows: the ter-
minal branch of the accessory nerve was directly 
coapted with the suprascapular nerve. Then the 
phrenic nerve was directly coapted with the 
PDLT.  Finally, the freed lower trunk is prefer-
ably divided just distal to where the PDLT arises, 
and direct coaptation of the CC7 nerve with the 
injured lower trunk is performed with use of 8–0 
nylon. The other end of the grafted sural nerve 
is coapted with the lateral pectoral nerve, which 
originates from the anterior division of the CC7 
such that the musculocutaneous nerve is con-
nected to more nerve fibers (Fig. 35.20).

After surgery, a prefabricated brace was used 
to hold the patient’s head in the neutral position 
and the entire upper extremity is immobilized 
with the shoulder in 0 °of adduction and 0–10° of 
anterior flexion, the elbow in 90° of flexion, and 
the forearm placed on the abdomen for 6 weeks 
(Fig.  35.21). Passive hand and wrist exercises 
were performed during that period.

After removing the brace, the affected limb 
is suspended with a sling with the elbow in 
90° of flexion for 1  week. Passive activities of 
the shoulder, elbow, wrist, and finger are then 
initiated, together with electrical stimulation 
therapy. Patients are asked to perform active 
shoulder adduction training of the contralateral 
side 2000 times each day, as well as deep breath-
ing training. Patients are also asked to follow-up 
every 2–3 months. Since the recovery of finger 
extension is slower than finger flexion, patients 
should wear finger extension brace immediately 
after recovering from finger flexion function. 
Otherwise, finger flexion contracture will occur 
due to the lack of finger extension antagonism, 
which will eventually lead to relaxation of the 
central slip and slipping of the lateral slip, thereby 
complicating the reconstruction of hand function 
in the later stage.

 Secondary Hand Function 
Reconstruction

Patients with total brachial plexus avulsion inju-
ries first underwent modified multiple nerve 
transfers in one stage. These included transfer of 

the accessory nerve onto the suprascapular nerve 
to recover shoulder abduction, contralateral C7 
nerve onto the lower trunk or medial cord via the 
shortest prespinal route with direct coaptation 
to restore finger flexion and onto the musculo-
cutaneous nerve with interpositional bridging 
by medial antebrachial cutaneous nerve arising 
from lower trunk together with the sural graft 
to restore elbow flexion, and the phrenic nerve 
onto the posterior division of lower trunk to 

Fig. 35.20 Schematic illustration of the modified multi-
ple nerve transfers, which were performed in all of the 
patients in this group. 1: contralateral C7 nerve root 
(CC7), 2: lower trunk, 3: medial antebrachial cutaneous 
nerve, 4: ulnar nerve, 5: median nerve, 6: lateral cord of 
median nerve, 7: medial cord of median nerve, 8: muscu-
locutaneous nerve, 9: lateral cord, 10: posterior cord, 11: 
radial nerve, 12: axillary nerve, 13: posterior division of 
lower trunk (PDLT), 14: phrenic nerve, 15: T1 nerve root, 
16: spinal accessory nerve, 17: suprascapular nerve, 18: 
lateral pectoral nerve originating from anterior division of 
CC7, 19: grafting sural nerve. A: coaptation between CC7 
and lower trunk, B: coaptation between lateral pectoral 
nerve and sural nerve, C: coaptation between sural nerve 
and medial antebrachial cutaneous nerve and musculocu-
taneous nerve, D: coaptation between phrenic nerve and 
PDLT, E: coaptation between spinal accessory nerve and 
suprascapular nerve. Note: A and C show that the CC7 
was transferred to the lower trunk with direct coaptation 
to restore lower trunk function (A) and the CC7 was also 
transferred to the musculocutaneous nerve with interposi-
tional bridging by medial antebrachial cutaneous nerve 
arising from the lower trunk to restore elbow flexion (C). 
To enhance the strength of elbow flexion, we also transfer 
the lateral pectoral nerve onto the musculocutaneous 
nerve using sural nerve as a graft (B and C). (Copyright of 
Fig. 35.20 need the permission of Ref. [15])
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recover elbow and finger extension. However, the 
patients still could not complete the active pick-
up function using the affected limb even if the 
above mentioned five functions are effectively 
reconstructed. Only after the additional second-
ary hand procedures could the patients complete 
active pick-up objects in daily life. So, second-
ary hand function reconstruction procedures are 
critical for restoring active pick-up function of 
the affected hand.

 Prerequisites for Secondary Hand 
Function Reconstruction Procedures

At least 3 years in adults or 2 years in children 
after the modified multiple nerve transfers, the 
secondary hand reconstruction surgeries were 
only indicated in cases when the nerve trans-
fers had resulted in effective recovery, including 
a degree of shoulder abduction of 30°or better; 
elbow, wrist, and finger flexion strength grade 
of M4 or better; and elbow and finger exten-

sion strength grade of M3 or better and normal 
passive activity of the MP and interphalangeal 
joints. Muscle strength is assessed according to 
the muscle grading system of the British Medical 
Research Council (BMRC) [21].

 Secondary Hand Function 
Reconstruction Procedures

The patients with total brachial plexus nerve 
avulsion injury who underwent modified multiple 
nerve transfers can achieve satisfactory results of 
the finger and wrist flexion and finger extension; 
however, the patients still cannot use their hand 
to complete the active grasping function due to 
the difficult reorganization and remodeling of 
the cerebral cortex after the primary procedure 
of multiple nerve transfers. We observed that the 
restored function of wrist and finger flexion con-
tract simultaneously, since both function were 
restored by CC7 direct repair the lower trunk 
that is, the patient unable to complete the inde-
pendent finger flexion or wrist flexion, even after 
long-term rehabilitation training. In the above-
mentioned situation, wrist motions are difficult 
to play a synergistic role to the finger flexion 
or extension. Therefore, without the stability of 
the wrist, it is impossible to complete the active 
pick-up function of the hand. Wrist arthrodesis is 
one of the prerequisites for patients to complete 
active grasp after multiple nerve transfers in total 
brachial plexus avulsion injuries. In addition to 
the wrist arthrodesis, the secondary hand recon-
struction procedures include claw-finger correc-
tion and thumb opposition.

 Wrist Arthrodesis
If the patient is younger than 14 years old, wrist 
fusion is not suitable as the epiphyses of distal 
radius and carpus were not closed. We usually 
select the procedure of wrist tenodesis, or use 
the wrist brace until the children is older than 14 
years and then select the wrist fusion.

 Wrist Fusion
The traditional procedure of wrist fusion is 
through the dorsal middle approach of the wrist 

Fig. 35.21 A prefabricated brace to hold the head in the 
neutral position and immobilize the injured limb
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(between the third and fourth extensor tendon 
sheaths) [22] .The deficiency of this approach 
was that it exposed the common extensor tendons 
widely and easily caused the complication of ten-
don adhesion after the operation. Consequently, 
the patients would lose their function of finger 
extension. In order to overcome the above-
mentioned complication, a modified approach 
of wrist fusion was designed through the ulnar 
dorsal of the wrist. This approach is through the 
wrist joint at the ulnar side of the extensor carpi 
ulnaris. Approximately 1.5–2  cm of the distal 
ulnar head was resected and the triquetrum was 
removed. The articular cartilage of the distal 
radius, scaphoid, lunate, capitate, hamate trape-
zium, and trapezoid was removed. The resected 
ulnar head was modified and implanted between 
the proximal end of the hamate and the distal end 
of the radius. The distal end of the pre-bent plate 
was located on the ulnar side or dorsal side of the 
fifth metacarpal, and the proximal end was on the 
ulnar side of the radius (Fig. 35.22). The angle 
of wrist fusion must be determined comprehen-
sively according to the specific conditions of 
preoperative finger flexor and extensor strength. 
If finger flexor strength is strong and extensor 
strength is weak, the wrist joint can be integrated 
at 0° or a slightly flexed position.

 Wrist Tenodesis in Children
For the wrist tenodesis, a dorsoradial incision on 
the distal forearm is made. An osseous tunnel was 
created through the distal radius, and the flexor 
carpi radialis was cut at the more proximal level. 
The distal end of flexor carpi radialis was passed 
through the prefabricated bone tunnel from the 
anterior to the posterior and sutured to the dis-
tal part of extensor carpi radialis longus using 
pulvertaft technique, and then the distal part of 
extensor carpi radialis longus was covered with 
periosteum. The child was immobilized with a 
plaster of Paris cast with finger inclusion for 6 
weeks and protected with a palmar splint without 
finger inclusion for another 8 weeks.

 Correction of Claw Finger
Palmar capsulodesis of the metacarpophalangeal 
joints (MPJ) was performed on the index, middle, 

ring, and small fingers but not the thumb, because 
our patients did not have an obvious deformity 
there. For patients with serious PIP joint flexion 
deformity of the fingers, isolated palmar capsu-
lodesis of MPJ could not successfully correct the 
claw-finger deformity completely, and PIP joint 
central tendon shortening suture was performed 
simultaneously. If the finger flexor and extensor 
strengths are balanced, then the claw finger defor-
mity is mild and does not need to be corrected.

 Reconstruction of Thumb Opposition
The flexor carpi ulnaris (FCU) strength usually 
recovers well; therefore, we prefer to select FCU 
transfer for thumb opponensplasty. As the first car-
pometacarpal (CMC) joint is not stable because of 
imbalanced forces (i.e., thenar muscles, abductor 

Fig. 35.22 The wrist fusion through the ulnar dorsal side 
approach of the wrist
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pollicis longus, and extensor brevis pollicis are par-
alyzed), after this transfer, a palmar flexion defor-
mity of the thumb maybe occurred. Therefore, the 
abductor pollicis longus tendon was fastened and 
inserted into the brachioradialis tendon simultane-
ously to stabilize the first CMC joint. Additionally, 
the first CMC joint fusion can be performed for 
patients with poor outcomes after dynamic thumb 
opposition reconstruction.

 Results of This Surgical Procedures

According to our follow-up data, 48 patients with 
total brachial plexus avulsion injuries underwent 
modified multiple nerve transfers between 2006 
and 2009 [14]. Forty patients were followed up for 
more than 3 years and had complete data: an aver-
age age of 25 years (4–44 years) and an average 
interval between injury and surgery of 3 months 

(1–11  months) . The mean follow-up was 
53 months (range 37–76 m.s). The average shoul-
der abduction was 51° (range 0–90°). Meaningful 
recovery of elbow extension (M3 or better) was 
achieved in 29 cases (72.5%) and motor strength 
of finger extension was attained (M3 or better) in 
15 cases (37.5%). In 25 cases (62.5%), strength 
for finger flexion (M4 or better) was achieved, and 
meaningful recovery of wrist flexion and elbow 
flexion (M4 or better) was achieved in 28 cases 
(70%) and 24 cases (60%), respectively.

Twelve patients (30%) achieved elbow, 
wrist, and finger flexion strength of M4 or bet-
ter, elbow and finger extension strength of M3 
or better, and 50–90°shoulder abduction. These 
patients underwent secondary hand recon-
struction. Overall, active pick-up function was 
recovered in 10 patients (25%) in this series 
(Fig.  35.23a–e and Video 35.1; Fig.  35.24a–d 
and Videos 35.2 and 35.3).

a b

Fig. 35.23 (a) A 7-year-old patient sustained a left total 
brachial plexus injury following a traffic accident on August 
20, 2012. The patient underwent surgical exploration and 
nerve repair on December 3, 2012. Complete C5 to T1 avul-
sion injuries were confirmed. The reconstructive procedure 
included transfer of accessory nerve onto the suprascapular 
nerve, direct coaptation of phrenic nerve with the posterior 
division of lower trunk, transfer of the CC7 onto the lower 
trunk via the shortest prespinal route with direct coaptation 
and also onto the anterior division of upper trunk (for recov-
ering the elbow flexion) with interpositional bridging by the 
medial antebrachial cutaneous nerve arising from lower 
trunk, and one band sural graft connected to the lateral pec-

toral nerve that arose from the anterior division of CC7. 
About 7 years after the first surgical procedure, the patient 
underwent the secondary hand function reconstruction, 
which included wrist fusion and the flexor carpi ulnaris 
transfer for thumb opposition reconstruction. (b) 
Preoperative CTM examination indicated the C5-T1 nerve 
roots avulsion injuries. (c) Eighty-eight months after the first 
operation, follow-up demonstrated satisfactory recovery of 
elbow flexion and finger flexion. (d) Eighty-eight months 
after the first operation, follow-up demonstrated satisfactory 
recovery of shoulder abduction, elbow extension, and finger 
extension. (e) Limited wrist fusion, the epiphysis of the dis-
tal radius was not injured and was not closed
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 Overall Evaluation and Problems 
of this Surgical Procedure

The newly designed multiple nerve transfer pro-
cedure has contributed to substantial progress in 
hand function reconstruction. Currently, some 
patients have recovered active pick-up function 
in completely paralyzed upper limbs, indicat-
ing that they can use the restored hand to com-
plete active grasping function. The efficacy of 
this reconstruction procedure was satisfactory 

in younger people especially in adolescents and 
children, and the procedure has substantially 
helped patients in their daily and professional 
lives. However, in general, the rate of active 
pick- up function recovery remains low. One of 
the main factors contributing to this low rate is 
that finger extension after nerve transfers is not 
adequately restored. The focus of future research 
will be to improve the efficacy of surgery to 
restore finger extension, which is extremely dif-
ficult to restore than finger flexion.

c

e

d

Fig. 35.23 (continued)
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The efficacy of nerve transfers is closely 
related to patient age and the time interval from 
injury to surgery. This modified multiple nerve 
transfer procedure is not suitable for patients 
older than 50  years. Direct restoration of the 
lower trunk by CC7 nerve transfer and restora-

tion of the PDLT by phrenic nerve transfer are 
not recommended for patients with the delay 
from injury to surgical operation over 8 months, 
patients with forearm ischemic muscle con-
tracture, and patients with damaged forearm 
muscles.

a

c

b

Fig. 35.24 (a) A 25-year-old patient suffered a left total 
brachial plexus avulsion injury after a motorcycle acci-
dent on December 23, 2008. The patient underwent surgi-
cal exploration and nerve reconstruction 3  months after 
the injury. Completely total brachial plexus avulsion 
injury was confirmed. Nerve transfers were performed. 
The distal accessory nerve was used to neurotize the 
suprascapular nerve . Phrenic nerve transfer to the poste-
rior division of lower trunk with direct coaptation. CC7 
nerve root was transferred via the shortest prespinal route 
to be directly coapted with the lower trunk. The musculo-
cutaneous nerve was also neurotized by the CC7 through 

the medial antebrachial cutaneous nerve bridging. The 
humerus was shorten 4 cm and refixed by locking com-
press plate. On September 18, 2012, the patient under-
went the secondary hand function reconstruction, which 
included wrist fusion and the thumb opposition recon-
struction by flexor carpi ulnaris transfer for thumb opposi-
tion reconstruction, and the first CMC joint tenodesis. (b) 
Follow-up demonstrated satisfactory functional recovery 
of shoulder abduction about 50° 4  years after the first 
operation. (c) Follow-up demonstrated satisfactory func-
tional recovery of finger extension at 4-year follow-up 
after first operation
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Since the motor donor nerves for this modified 
multiple nerve transfers are from the extra of bra-
chial plexus, especially after CC7 nerve transfer, 
they require retraction of the contralateral upper 
limb with force to be induced. So, the functional 
reorganization of the cerebral cortex after this 
modified multiple nerve transfer was very difficult. 
Additionally, effective recovery of the intrinsic 
muscle was very difficult to achieve, and the fore-
arm has no rotation function; thus, the active grasp-
ing function of the affected hand is not flexible.

We propose the concept of the active pick-up 
function, which is defined as actively touching a 
target object without the help of the contralateral 
hand, grabbing it, moving it to another place, 
and putting it down. Depending on the size and 
weight of the objects tested, the active pick-up 
function can be more or less difficult. Therefore, 
assessment criteria need to be further defined and 
validated in further studies [15].

References

 1. Chuang DC.  Neurotization procedures for brachial 
plexus injuries. Hand Clin. 1995;11:633–45.

 2. Narakas AO, Hentz VR.  Neurotization in brachial 
plexus injuries. Indication and results. Clin Orthop 
Relat Res. 1988;(237):43–56.

 3. Doi K. Management of total paralysis of the brachial 
plexus by the double free-muscle transfer technique. J 
Hand Surg Eur. 2008;33:240–51.

 4. Gu YD, Zhang GM, Chen DS, Yan JG, Cheng XM, 
Chen L. Seventh cervical nerve root transfer from the 
contralateral healthy side for treatment of brachial 
plexus root avulsion. J Hand Surg Br. 1992;17:518–21.

 5. Gu Y, Xu J, Chen L, Wang H, Hu S. Long term out-
come of contralateral C7 transfer: a report of 32 cases. 
Chin Med J. 2002;115(6):866–8.

 6. Terzis JK, Kokkalis ZT.  Selective contralateral 
C7 transfer in posttraumatic brachial plexus inju-
ries: a report of 56 cases. Plast Reconstr Surg. 
2009;123(3):927–38.

 7. Gu YD. Contralateral C7 root transfer over the last 20 
years in China. Chin Med J. 2007;120(13):1123–6.

 8. Waikakul S, Orapin S, Vanadurongwan V.  Clinical 
results of contralateral C7 root neurotization to the 
median nerve in brachial plexus injuries with total 
root avulsions. J Hand Surg Br. 1999;24(5):556–60.

 9. Sammer DM, Kircher MF, Bishop AT, Spinner RJ, 
Shin AY. Hemi-contralateral C7 transfer in traumatic 

brachial plexus injuries: outcomes and complications. 
J Bone Joint Surg Am. 2012;94(2):131–7.

 10. Wang SF, Hu Q, Pan YW. Feasibility of direct anas-
tomosis of contralateral C7 transferred through pre-
spinal route with lower trunk in patient with brachial 
plexus root avulsion. Chinese J Pract Hand Surg. 
2005;119:67–9.

 11. Wang SF, Li PC, Xue YH, Yiu HW, Li YC, Wang 
HH. Contralateral C7 nerve transfer with direct coap-
tation to restore lower trunk function after traumatic 
brachial plexus avulsion. J Bone Joint Surg Am. 
2013;95:821–7.

 12. Bhatia A, Doshi P, Koul A, Shah V, Brown JM, 
Salama M.  Contralateral C-7 transfer: is direct 
repair really superior to grafting? Neurosurg Focus. 
2017;43(1):E3. 1-9

 13. Li WJ, Wang SF, Li PC, et  al. Electrophysiological 
study of the dominant motor innervation to the exten-
sor digitorum communis muscle and long head of tri-
ceps brachii at posterior divisions of brachial plexus. 
Microsurgery. 2011;31(7):535–8.

 14. Wang SF, Li PC, Xue YH, Zou JY, Li WJ, Li YC. Direct 
coaptation of the phrenic nerve with the posterior 
division of the lower trunk to restore finger and elbow 
extension function in patients with total brachial 
plexus injuries. Neurosurgery. 2016;78:208–15.

 15. Li F, Wang SF, Li PC, Xue YH, Zou JY, Li 
WJ. Restoration of active pick-up function in patients 
with total brachial plexus avulsion injuries. J Hand 
Surg (E). 2018;43(2):269–74.

 16. Moran SL, Steinmann SP, Shin AY.  Adult brachial 
plexus injuries: mechanism, patterns of injury, and 
physical diagnosis. Hand Clin. 2005;21:13–24.

 17. Harper CM. Preoperative and intraoperative electro-
physiologic assessment of brachial plexus injuries. 
Hand Clin. 2005;21:39–46.

 18. Sunderland IR, Brenner MJ, Singham J, Rickman SR, 
Hunter DA, Mackinnon SE. Effect of tension on nerve 
regeneration in rat sciatic nerve transection model. 
Ann Plast Surg. 2004;53(4):382–7.

 19. Li WJ, Wang SF, Zho JY, Rahman MF, Li YC, Li PC, 
Xue YH. Complications of contralateral C-7 transfer 
through the modified prespinal route for repairing bra-
chial plexus root avulsion injury: a retrospective study 
of 425 patients. J Neurosurg. 2014;12:1–8.

 20. Wang SF, Yiu HW, Li PC, Li YC, Wang HH, Pan 
YW. Contralateral C7 nerve root transfer to neurotize 
the upper trunk via a modified prespinal route in repair 
of brachial plexus avulsion injury. Microsurgery. 
2012;32:183–8.

 21. James MA.  Use of the Medical Research Council 
muscle strength grading system in the upper extrem-
ity. J Hand Surg Am. 2007;32:154–6.

 22. Terzis JK, Barmpitsioti A.  Wrist fusion in posttrau-
matic brachial plexus palsy. Plast Reconstr Surg. 
2009;124:2027–39.

35 Restoration of Active Grasp Function in Total Brachial Plexus Avulsion Injury



403© Springer Nature Switzerland AG 2021 
A. Y. Shin, N. Pulos (eds.), Operative Brachial Plexus Surgery, 
https://doi.org/10.1007/978-3-030-69517-0_36

Intercostal Nerve Transfer 
for Sensory Reconstruction 
of the Hand Following Complete 
Avulsion of the Brachial Plexus

Yasunori Hattori

 Introduction

Functional reconstruction of the hand following 
complete avulsion of the brachial plexus has been 
the main focus in the treatment of brachial plexus 
injury (BPI).

For this purpose, several procedures, includ-
ing nerve transfer to the median nerve using con-
tralateral seventh cervical nerve root (CC7) 
transfer and combined functioning free muscle 
transfer (FFMT), have been reported [1–5]. 
Although the recovery of motor function has 
been the main focus in brachial plexus recon-
struction, restoration of basic sensory function of 
the hand is imperative when hand function is 
restored after irreparable BPI.

For sensory reconstruction of the hand, the 
median nerve should be the recipient nerve 
because of its wider sensory cutaneous distribu-
tion. There are several previous reports that 
focus on the results of sensory recovery after 
brachial plexus reconstruction [2, 4, 6–10] 
(Table  36.1). The intercostal nerve, supracla-
vicular nerve, and CC7 have been the primary 
donors for sensory fibers. Although we used the 
supraclavicular nerve for sensory reconstruction 

in earlier series of double free muscle transfer, 
the priority of the donor sensory nerve has been 
changed to the intercostal nerve in our current 
strategy of double free muscle transfer. The 
intercostal nerve transfer has demonstrated 
superior results with regard to sensory recovery 
and has easier access in the axillary dissection 
[5]. The whole nerve trunk or only the sensory 
ramus of the intercostal nerve can be used for 
sensory reconstruction.

 Surgical Technique

Motor reconstructions such as nerve transfer or 
FFMT were performed, and sensory reconstruc-
tion is performed during the same surgery. A 
curved longitudinal incision was made from 
medial upper arm to anterior chest along the ante-
rior axillary line. Fatty tissue in the axillar region 
was dissected and carefully mobilized. Sensory 
rami of intercostal nerves are identified within 
this adipose tissue. Sensory rami of the second 
and third intercostal nerves are frequently used. 
Sensory rami are transected distally and reflected 
towards the infraclavicular space to reach the 
median nerve. Sensory rami of the intercostal 
nerves and median nerve were sutured in the 
infraclavicular region using three or four 10-0 
nylon stitches under an operative microscope 
(Fig. 36.1).
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 Discussion

Nerve transfer to the median nerve has been per-
formed for more than 30 years in an attempt to 
reconstruct sensibility to the hand in patients with 
complete BPI [11, 12]. In 1977, Millesi reported 
the recovery of protective sensation in 15 of 18 
patients who underwent sensory reconstruction 
by nerve graft or intercostal nerve crossing after 
complete BPI with multiple roots avulsion [11]. 
In 1988, Kawai et  al. reported S2 recovery in 
5 of 13 cases in which intercostal nerve cross-
ing was performed for both sensory and motor 
reconstruction [13]. In 1996, Ihara et al. reported 
the results of 13 cases in which the sensory rami 
of the intercostal nerves (3 cases) or the supra-
clavicular nerve (10 cases) had been used for 
sensory reconstruction [6]. The intercostal nerve 
provided S2 recovery in all cases, whereas the 

supraclavicular nerve provided S2 recovery in 
only two of ten patients. Ihara et al. reported that 
a possible explanation for the inferior results of 
the supraclavicular nerve is that the site of nerve 
crossing is 10 cm more proximal and that there 
are fewer sensory fibers present [6].

Hattori et  al. reported the long-term results 
with 17 patients who underwent sensory recon-
struction of the hand with intercostal nerve trans-
fer to the median or ulnar nerve [8]. All patients 
underwent double free muscle transfer to restore 
the prehensile function of the hand. All patients 
perceived at least the 6.65 filament at the territory 
of the median or ulnar nerve. Best result on 
Semmes-Weinstein monofilament test was per-
ception of the 4.31 filament in two patients. None 
of the patients had two-point discrimination. 
Vibration with 30-cycles/second stimuli was per-
ceived in 12 patients, whereas vibration with 
256-cycles/second stimuli was perceived in only 
6 patients. Eight patients had perception of 
warmth, and 13 patients had perception of cold. 
Seven patients felt sensation in the cutaneous dis-
tribution of the repaired nerve of the hand in situ. 
Recently, Foroni et  al. reported the satisfactory 
results of this procedure in 11 patients with BPI 
[10]. According to Highet’s scale, sensation was 
recovered to S3  in two patients, to S2+ in two 
patients, to S2  in six patients, and S0  in one 
patient.

The results of these studies indicated the 
achievement of the uppermost limit of sensory 
recovery under the current methodology using 
the intercostal nerve as a donor for sensory recon-
struction. The overall conclusion was that sen-

Fig. 36.1 Intraoperative view of intercostal nerve trans-
fer to the median nerve. The large arrow indicates the 
median nerve and the small arrows indicate the intercostal 
nerves

Table 36.1 Results of sensory recovery in previous studies

Author(s), year Number of patients/donor(s) Results
Ihara et al., 1996 13/ICNs in 3 and SCN in 10 S2 in 3 patients using ICNs and S2 in 2 patients using 

SCN
Gu et al., 1998 8/CC7 S3 in 6 patients
Songchaoren et al., 2001 21/CC7 S3 in 10 patients, S2 in 7 patients
Terzis et al., 2008 29/CC7 S3 in 12 patients, S2 in 10 patients
Hattori et al., 2009 17/ICNs S2+ in 2 patients, S2 in 9 patients, S1 in 6 patients
Gao et al., 2013 22/CC7 S3 in 10 patients
Foroni et al., 2017 11/ICNs S3 in 2 patients, S2+ in 2 patients, S2 in 6 patients, 

S1 in 1 patient

CC7 contralateral C7, ICNs intercostal nerves, SCN supraclavicular nerve
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sory reconstruction with intercostal nerve transfer 
could provide limited sensibility of the hand 
which is useful for activities of daily living in 
severely handicapped patients with BPI.
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Management of Neuropathic Pain

Keith A. Bengtson

Abbreviations

BPA Brachial plexus avulsion
BPI Brachial plexus injury
DN4 Douleur Neuropathique en 4 

Questions
DREZ Dorsal root entry zone
NeuPSIG Neuropathic Pain Special Interest 

Group
rTMS Repetitive transcranial magnetic 

stimulation
SNRIs Selective norepinephrine reuptake 

inhibitors
TCAs Tricyclic antidepressants
VAS Visual analog scale

 Introduction

Patients with brachial plexus injuries (BPIs) 
often have severe neurologic deficits and func-
tional difficulties. Despite their physical chal-
lenges, the main concern of many patients is their 
severe life-altering pain. The pain makes it 

impossible for them to sleep more than 30 min-
utes at a time. It can stop conversations mid- 
sentence. Patients become socially isolated and 
depressed to the point of suicide. Pain becomes 
the center of their lives. As surgeons, therapists, 
and physicians, we have been trained to focus on 
improving the function of the injured limb. 
However, the patient may be so intensely focused 
on their pain that they ignore the efforts of their 
health providers to improve the function of their 
injured extremity.

A BPI can produce pain from many different 
sources. The trauma which leads to a BPI pro-
duces disruption of nerve tissue as well as sur-
rounding structures. Pain from the trauma to the 
neural structures is labeled as “neuropathic.” Pain 
from the surrounding non-neural structures are 
termed “mechanical” or “nocioceptive.” The neu-
ropathic pain is divided further into central and 
peripheral components and will be discussed 
later.

The reported prevalence of pain varies widely 
but is generally thought to be present in 54–92% 
of patients with traumatic brachial plexus injuries 
at 3 months after their injury [1–4]. Unfortunately, 
the treatment of pain in BPIs is more art than sci-
ence. Very few studies have been published on 
the subject secondary to the low volume of 
patients at any single institution. Moreover, the 
treatment is challenging with many patients 
recalcitrant to medications, modalities, and 
surgeries.
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 Avulsion Injuries

A recurring issue in the study of BPI is the differ-
ences between nerve root avulsions (pre- 
ganglionic injuries) and more post-ganglionic 
injuries. The treatment, natural course, and out-
comes of nerve root avulsions are quite different 
from that of post-ganglionic injuries. 
Unfortunately, many studies fail to describe how 
the diagnosis of a nerve root avulsion is estab-
lished. From a surgical perspective, the treatment 
of brachial plexus injuries depends heavily on the 
location of the injury and whether or not a nerve 
root has been avulsed. In a similar fashion, the 
source of pain in brachial plexus injuries depends 
on injury location and the presence or absence of 
an avulsion. Unfortunately, the literature is not 
necessarily specific regarding the presence or 
absence of a nerve root avulsion and how this 
may have been verified. In fact, the term “bra-
chial plexus avulsion” (BPA), whether referring 
to “injury” or “pain,” is often used loosely to 
refer not only to true nerve root avulsion but also 
the more distal lesions. In a critical review of the 
literature, it is often difficult to determine how 
the term “brachial plexus avulsion” is being used. 
In contrast, in an earlier paper, Wynn Parry 
clearly defines the criteria for the diagnosis of 
nerve root avulsion:

The criteria for diagnosis of an avulsion is one or 
more of the following: (1) actually visualizing the 
avulsed root at open operation in which the poste-
rior root ganglion can clearly be seen in the wound; 
(2) the presence of radiological evidence of root 
avulsion, either a diverticulum or a pouch of 
medial lateral to the nerve root, a cystic arachnoid 
accumulation of dye limited to the spinal canal and 
extending for several segments or an elongation or 
Excedrin ray shin of the nerve root sleeve; (3) the 
presence of electrical conduction in the peripheral 
nerve supplying the anesthetic areas; (4) the pres-
ence of an N9, either normal or attenuated, on the 
spinogram [1].

 Demographics

The reported prevalence of pain in traumatic bra-
chial plexus injuries varies widely. Classically, 
Wynn Perry’s large cohort of 275 patients with 

greater than 3 years follow-up from 1980 pres-
ents the most comprehensive picture of pain and 
brachial plexus injuries [2]. Of the 108 patient’s 
with one or more nerve root avulsions, 98 (91%) 
had pain. Moreover, after 11  years, 17% of 
patients still reported pain. Interestingly, 12 
patients experienced increasing pain over time. 
In 1996, a long-term follow-up on 122 patients 
with avulsion injuries (including some patients 
from the original cohort) found 112 patients 
(92%) with pain initially after their injury, 48 
(39%) with pain after 3 years, and only 22 (18%) 
with pain after 7 years [3]. Recent demographic 
studies from different world regions have a vari-
able experiences with BPI pain. Studies from 
Brazil [4] and China [5] have more carefully 
characterized the pain experienced by patients 
with BPIs into neuropathic and nocioceptive 
(musculoskeletal) pain by using the Douleur 
Neuropathique en 4 Questions (DN4) [6]. In a 
cross-sectional study of 65 patients with BPIs, 
Santana found 49 patients (75%) with pain and 
38 (54%) specifically with neuropathic pain [4]. 
The pain was located mostly in the forearm and 
hand with a definite distal greater than proximal 
pattern. Similarly, a second study of 77 patients 
with BPIs utilizing the DN4 found 41 (55%) with 
neuropathic pain [5]. In Germany, a long-term 
follow-up of 70 patients after brachial plexus 
reconstruction surgery found 60 (80%) with 
ongoing pain [7]. In strong contradistinction, an 
Argentinian study [8] found incredible improve-
ments in pain as measured by the Visual Analog 
Scale (VAS) following surgical reconstruction. 
Within 3 months after surgery, the VAS decreased 
on average from 9.1 to 2.5 out of 10 in 28 patients. 
None of those reports differentiated between 
patients with or without avulsion injuries.

Traditionally, patients with brachial plexus 
birth injury or obstetrical palsy were thought to 
be relatively free of neuropathic pain. However, 
three retrospective studies [9–10] have shown a 
substantial prevalence of pain in those with bra-
chial plexus birth injury. An English review of 36 
adults with brachial plexus birth injury found 33 
(92%) with pain, although not necessarily neuro-
pathic [9]. A study out of Finland reported 35/122 
(31%) with pain after undergoing surgery. Of 
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these patients, nine had nonunion of the clavicle 
which was thought to be the source of pain. 
Otherwise, there was no correlation with the 
extent of injury, type of surgery, radiographic 
findings, or secondary operations [11]. A 
Canadian survey of 283 children (ages 
6–18 years) used the pain face scale and the ado-
lescent pediatric pain tool to determine the preva-
lence of pain in brachial plexus birth injury 
patients [12]. Pain was reported in 65/283 (23%) 
of the subjects. However, the average level of 
pain was 2/10. In a less formal study of brachial 
plexus birth injuries out of Sweden, 70 patients 
were observed and only 1 patient was found to 
have “neuropathic pain” requiring medication 
[13]. However, they stated that “most” had some 
discomfort in their arm with exercise of their 
shoulder or elbow.

 Mechanisms

Patients with brachial plexus injury describe a 
variety of pain symptoms that likely stem from the 
wide variety of injuries that they have suffered. 
Wynn Parry presents a classic description of BPI 
pain in his large cohort of patients. He states that 
most patients describe a “burning pain” primarily 
in their hands as if their “hands were on fire.” A 
minority described paroxysmal pain [2].

Traditionally, the pain from BPIs has been 
divided into three sources. The injury to the 
peripheral nerve, either pre-ganglionic or post- 
ganglionic, should produce a peripheral neuro-
pathic pain. If there is a nerve root avulsion, 
either partial or complete, there is an injury to the 
cervical spinal cord which should create a central 
neuropathic pain. The subsequent neurologic 
deficit could also produce a third type of pain 
stemming from the mechanical workings of the 
shoulder and arm. Additionally, the trauma from 
the initial injury may have also damaged the 
structure of the ipsilateral shoulder girdle pro-
ducing a post-traumatic mechanical pain. These 
mechanical pains would result from abnormal 
stresses on the joints, ligaments, muscles, and 
tendons of the upper extremity. A fourth hybrid 
type of pain could also be considered based on 

the traction of the nerves secondary to the sub-
luxation of the weakened shoulder.

Brachial plexus nerve root avulsion uniquely 
affects the area where the peripheral and central 
nervous systems intersect, and there is likely 
injury to both the peripheral and central nerves. 
Perhaps this is why the neuropathic pain from 
brachial plexus avulsion is somewhat unique and 
more refractory to treatment than injury to only 
one of the systems. Lamina I and II of the dorsal 
horn of the spinal cord (Lissauer’s tract and the 
substantia gelatinosa, respectively) are the most 
superficial area of the dorsal root entry zone 
(DREZ) and are the most likely areas to be a 
damaged by brachial plexus avulsion injuries 
(Fig. 37.1). Lissauer’s tract is composed of fibers 
that travel up and down the spinal cord one or 
more segments. Approximately 1/3 of these are 
afferent fibers (peripheral nerves) originating in 
the dorsal root ganglia. The remaining 2/3 are 
fibers whose cell bodies originate within the dor-
sal horn (central neurons). These nerve groups 
are inhibitory sensory fibers. Injuries to these 
areas lead to lack of inhibition and increase exci-
tation of sensory fibers. It has been suggested that 
the paroxysmal pain is peripheral neuropathic 
pain and the more stable baseline pain is central 
neuropathic pain [14].

 Treatment

The neuropathic pain which results from BPIs, 
particularly avulsion injuries, is multifaceted and 
complex. As such, the treatment of this neuro-
pathic pain may be confusing, unsatisfying, and 
difficult. However, as previously stated, not all 
pain from brachial plexus avulsion injury is neu-
ropathic in nature. The direct and indirect results 
of brachial plexus trauma often encompass the 
surrounding non-neural structures of the neck 
and shoulder regions. Pain from these non-neural 
structures is labeled as “mechanical” or “noci-
ceptive.” Therefore, the treatment of BP pain 
must address both neuropathic and nociceptive 
pain. Moreover, the treatment of the neuropathic 
pain may be further divided into the treatment of 
both central and peripheral neuropathic pain.

37 Management of Neuropathic Pain
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 Neuropathic Pain

Very few studies have been published regarding 
the specific medical treatment of brachial plexus 
pain. A small study out of England in 2004 
looked at nabilone, a synthetic tetrahydrocan-
nabinol (THC) analog [15]. This was used as an 
oral mucosal spray both in its pure form and a 
1:1 mixture with cannabidiol (CBD). A cross-
over study with 50 patients was employed with 
only 3 subjects withdrawing from the study. 
Patients had some improvement in pain as mea-
sured on a visual analog scale (VAS) but less 
than two points on a 10-point scale. Patients did 
report improved quality of sleep as well. A sec-
ond study from India looked at the use of preop-
erative gabapentin for BPI neuropathic pain 
[16]. This was a placebo-controlled trial with 20 
patients. Gabapentin was given 2 hours before 
surgery for brachial plexus reconstruction. 
Interestingly, the treatment group displayed a 
decrease in intraoperative fentanyl consump-
tion. Additionally, patients used less rescue 

analgesic with decreases in their VAS pain score 
both at rest and with movement.

Aside from these two studies, the literature is 
wanting and we are left to treat brachial plexus 
pain as an analog of both central and peripheral 
neuropathic pain. Fortunately, the literature is 
resplendent with studies and recommendations 
for both of these pains states. Many neuropathic 
pain treatment guidelines have been published 
by various groups interested in pain treatment, 
such as pain societies, pain journals, and various 
National Health Services. The Neuropathic Pain 
Special Interest Group (NeuPSIG) regularly 
publishes guidelines for the treatment of neuro-
pathic pain based on a meta-analysis of the lit-
erature, the latest of which was published in 
2015 [17]. More recent meta-analyses were put 
out by the Canadian Pain Society [18] and by 
the Journal of Pain Medicine [19]. Fortunately, 
there is almost complete consensus as to the 
first-line and second- line drugs in the past 
decade. There is more disagreement on the 
third- and fourth-line drugs which have much 

Fig. 37.1 Cross section of cervical spinal cord
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less evidence for efficacy. The guidelines are 
summarized in the Table 37.1.

From a practical standpoint, a prescriber 
would typically start by treating patients with one 
of the first-line drugs [gabapentinoids, tricyclic 
antidepressants (TCAs), and selective norepi-
nephrine reuptake inhibitors (SNRIs)] with an 
upward dose titration until the optimum efficacy/
side effect ratio is achieved. Generally, medica-
tions with high side effect profiles such as TCAs 
are titrated more slowly than medications with 
less bothersome side effects. If the patient has 
good pain relief, but also experiences intolerable 
side effects, then it is logical to switch to another 
drug in the same category starting with a low 
dose and titrating upwards. However, if the 
patient has no pain relief despite large dosages of 
a certain medication, then it would be logical to 
switch to a medication in a different category 
with a different mechanism of action. One must 
take into account other practical aspects such as 
drug costs, availability, and ease of dosing. 
Patient characteristics such as allergies, previous 
medication experience, and coexisting medical 
problems must be considered when choosing 
medications.

Beyond first-line drugs, one could proceed to 
trials of second-line drugs. Alternatively, one 
could use a combination of two first-line drugs 
from different categories, thus avoiding overlap-
ping mechanisms of action. The evidence for 
combination therapy is unclear; however, a 
Cochran review of combination therapies [20] 
indicates that combination therapy can be effec-
tive. In fact, there are multiple studies which 
show higher pain relief with two drugs than with 
a single drug. Unfortunately, given the multitude 
of possible drug combinations, no single combi-
nation has been shown effective in two or more 
studies. Although it seems likely that combina-
tion therapy can be more effective than mono-
therapy, one must take into consideration the 
problem of additive side effects and the increased 
toxicity of polypharmacy.

 Central Pain

The vast majority of guidelines and studies 
address the treatment of peripheral neuropathic 
pain (although often not specified in the title), 
and the treatment of central neuropathic pain is 
poorly addressed. However, similar guidelines do 
exist for the treatment of central neuropathic 
pain. The Canadian Pain Society assembled an 
international expert panel to address guidelines 
for the treatment of pain in spinal cord injury 
[21]. There are fewer studies on central neuro-
pathic pain, so the recommendations are much 
less robust than for peripheral neuropathic pain. 
However, the first-line medications are similar 
with a notable absence of SNRIs. Lamotrigine is 
also recommended as a second-line drug, and this 
often falls to a third- or fourth-line drug in periph-
eral neuropathic pain recommendations. Often, 
general neuropathic pain clinical practice guide-
lines recommend that the treatment of central 
neuropathic pain utilizing the same recommenda-
tions as those for peripheral neuropathic pain, 
with the exception of certain situations where 
strong evidence exists.

Cannabinoids are at the periphery of all 
clinical practice guidelines. Cannabinoids may 
actually be the most highly used medication 

Table 37.1 Medications for neuropathic pain

1st line 
medications

Gabapentinoids
  Gabapentin
  Pregabalin
SNRIs
  Duloxetine
  Venlafaxine
  Milnacipran
TCAs
  Amitriptyline
  Nortriptyline

2nd line 
medications

Capsaicin 8% patches
Lidocaine patches
Tramadol

3rd line 
medications

Other anticonvulsants
  Topiramate
  Lamotrigine
  Carbamazepine
Strong opioids
N-methyl-D-aspartate (NMDA) 
antagonists
  Ketamine

Adapted from Finnerup et al. (2015) [17].
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for control of peripheral neuropathic pain, yet 
they are the least studied. This is largely 
because of political and legal forces that have 
historically banned or discouraged the study of 
cannabinoids in medical terms. As the legal 
environment changes, further studies may 
change the place of cannabinoids in the clinical 
practice guidelines.

 Surgical Treatment

The most common surgical procedure used for 
the treatment of brachial plexus avulsion pain is 
the ablation of the dorsal root entry zone (DREZ). 
This is known as the “DREZ procedure” or the 
“DREZ-otomy.” Three large studies have been 
published (two out of the same institution) on 
using the DREZ procedure for the treatment of 
BPA pain [22, 23]. An older study by Wynn Parry 
in 1984 [2] reviewed his experience in 24 patients 
treated with DREZ ablation.

In the Lyon, a single institution has 
reviewed two decades of experience. Their 
first series reviewed 55 patients treated before 
January 2000 with 44 patients having greater 
than 1 year follow- up [22]. Their second series 
included 29 new patients that were treated 
from 2000 to 2009 [23]. Impressively, their 
initial experience found 66% of patients had 
near total relief of pain indicated by com-
plete discontinuation of pain medications. The 
1 year follow-up is fairly short, and there have 
been reports of gradual recurrence of pain 
over the years following surgery. The next 
largest case series [24] included 14 patients 
with BPAs among a group of 51 pain patients 
treated with a DREZ procedure. They indi-
cated a much less favorable outcome with only 
10/14 patients reporting a result of “good” or 
“fair.” The mean follow-up was 76  months 
which is much longer than the Lyon series. 
Wynn Parry in his exhaustive study of brachial 
plexus patients [2] also reviewed 24 patients 
who underwent DREZ lesioning for BPA pain. 
Although the details are sparse, he reported 
16/24 patients with excellent relief with fol-
low- up period unspecified.

 Spinal Cord Stimulation

The second most common procedure for treating 
brachial plexus avulsion pain involves implanta-
tion of an electrical stimulator at the level of the 
spinal cord or cerebral cortex. No large series 
exist but rather a number of small case series. 
Moreover, the case series for electrical stimula-
tion at the brain level consists of disparate diag-
noses with only a few treating pain from 
BPIs – avulsions or otherwise.

The published experience for spinal cord stim-
ulation is very optimistic with a number of stud-
ies showing greater than 50% success rate 
[25–28]. In total, only 12 patients were reported 
overall with impressive results. This contrasts 
with this author’s personal experience with over 
150 patients undergoing spinal cord stimulation 
trials and only 2 patients going on to actual 
implantation. Despite the minimal evidence as to 
its efficacy, spinal cord stimulation is likely the 
most common procedure used to address pain 
from BPIs. This is a fairly simple procedure that 
is well-known to pain practitioners. Therefore, it 
is a tool within the easy reach of a typical pain 
physician. In practice, an electrical lead is placed 
in the epidural space at the level of the cervical 
spinal cord which corresponds to the patient’s 
pain, typically at or above the affected nerve 
roots. A needle is introduced at the midthoracic 
level through which the electrical lead is passed 
in a cephalad direction through the epidural 
space. Many patients with brachial plexus inju-
ries have suffered injuries to the cervical and tho-
racic spine which may impede the passage of the 
electrical lead. Therefore, cross-sectional imag-
ing must be obtained to rule out such an 
impediment.

Alternatively, one may insert a long rectangu-
lar lead called a paddle lead through a cervical 
laminectomy (see Fig. 37.2). Although this is a 
much more invasive procedure, this approach has 
the advantage of clear visualization of the cord as 
well as the ability to secure the lead in place, thus 
preventing movement of the lead with excessive 
movement of the cervical spine.

As a technology of spinal cord stimulation 
evolves, more options for electrical parameters 
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are becoming available. In particular, higher- 
frequency stimulation may allow the stimulation 
to penetrate deeper into the spinal cord and stim-
ulate different tracks and neurons than previously 
possible. Moreover, a larger variety of stimula-
tion patterns are being offered with more indi-
vidualized programmable options. One may 
expect these advancements to change our 
approach to treatment significantly.

 Brain Stimulation

In contrast to spinal cord stimulator implantation, 
electrical stimulation at the level of the cerebral 
cortex is much more complex and limited in use. 
The target of stimulation is the motor cortex 
rather than the sensory cortex. Perhaps this seems 
less than intuitive. However, the concept origi-
nally came from a cat pain model where thalamic 
hyperactivity was recorded with pain stimulation. 
Subsequent stimulation of various regions within 
the cortex was only successful in decreasing the 
thalamic hyperactivity when stimulating the 
motor cortex. As such, the motor cortex has been 
the primary target of brain stimulation for pain 
control throughout most of its history. Bipolar 
stimulation is used with the cathode on the motor 
cortex and the anode on the sensory cortex. The 
motor cortex may be stimulated either transcrani-
ally with the magnetic field (repetitive transcra-
nial magnetic stimulation or rTMS), with an 
electric mat placed on the surface of the motor 

cortex (either epidural or subdural), or with a 
single lead inserted into the thalamus (deep brain 
stimulation).

The use of repetitive transcranial magnetic 
stimulation (rTMS) is attractive because it is non-
invasive. However, it also requires ongoing use 
over time in order to be effective. The efficacy 
has not been verified, but the modality has some 
positive studies for various neuropathic pain 
states. A meta-analysis of 7 controlled trials on 
144 patients indicated pain reduction in multiple 
central and peripheral neuropathic pain condi-
tions [29]. There is a definite trend towards 
increased pain relief for central states (spinal 
cord injury, trigeminal neuralgia, and stroke) 
over those pain states from a peripheral nerve 
source. Unfortunately, none of the patient’s stud-
ied had BPA pain. In addition to using rTMS as a 
primary pain treatment, there may be a role for 
using rTMS as a trial modality before attempting 
surface electrode placement. A positive result 
with rTMS may indicate a more favorable result 
with surface stimulation.

The invasive methods of motor cortex stimula-
tion include surface stimulation (both epidural 
and subdural) and deep brain thalamic stimula-
tion. Surface stimulation is much more common 
than deep stimulation. Only a small number of 
controlled studies have been published for sur-
face stimulation. A meta-analysis of 9 studies of 
155 patients showed a tendency towards greater 
efficacy in central pain states over peripheral 
nerve pathology as was seen in rTMS.  If the 
treatment was defined as successful when there is 
a 40% decrease in visual analog scale, the overall 
success was 75% for trigeminal neuralgia and 
60% for both spinal cord injury and stroke pain. 
Treatment efficacy in phantom limb and BPI pain 
was successful for only 53% and 45%, respec-
tively [30]. A meta-analysis of 14 uncontrolled 
case series with a total of 195 patients showed a 
similar response. If a good response was defined 
as greater than or equal to 40–50% pain relief, 
then the response rate for trigeminal neuralgia 
was 68% with the response of central pain sec-
ondary to brain or spinal cord injury equal to 
54%. Phantom limb pain produced a 60% 
response and brachial plexus avulsion pain only 

Fig. 37.2 Cervical spinal cord stimulator
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45% [31]. Adverse events included seizures in 
the immediate postoperative period in 29 patients, 
infection in 9 patients, skin ulceration at the 
implant site in 2 patients, and subdural hematoma 
in 2 patients (both with subdural implants). One 
patient also developed phantom pain. The advan-
tage of subdural stimulation over epidural stimu-
lation is that one can more easily reach the central 
sulcus which corresponds to the more caudal 
regions of the body. The epidural placement of 
the electrode most likely has less chance of CSF 
leakage.

 Peripheral Nerve Stimulation

A third target for electrical stimulation is the 
peripheral nerve. This technique would only 
apply to injuries distal to the nerve root where the 
peripheral nerve could be stimulated proximal to 
the level of injury [32]. Kim reported two cases 
using peripheral nerve placement of stimulation 
electrodes for the post-ganglionic lesions con-
firmed by nerve conduction findings. They sug-
gested that the patients with shoulder paresis 
would have better outcomes since lack of shoul-
der movement would ensure better stability of the 
peripheral stimulating electrode placement.

 Amputation

The role of upper extremity amputation for the 
treatment of brachial plexus injury pain remains 
controversial [33–35]. As far back as 1980, 
Rorabeck reported on eight patients who under-
went upper extremity amputations specifically 
for pain relief. Only three patients reported pain 
relief, and those were all performed within the 
first 12 months after injury [34]. At such an early 
date of intervention, it is possible that the 
decreased pain represented the natural course of 
pain resolution in these patients. Given these 
poor results, the role of amputation for pain relief 
has remained controversial. Siquiera suggested 
amputation in the case of a flail arm mostly for 

functional reasons [35]. However, he also thought 
that the amputation would address the nocicep-
tive pain source. More recently, Hrubet et  al. 
reported on seven patients who underwent ampu-
tation followed immediately by prosthetic fitting. 
All patients showed a decrease in pain measured 
by VAS as they began progressive use of the pros-
thesis at 10 months follow-up.

 Treatment of Mechanical Pain

Musculoskeletal or nocioceptive pain is caused 
by mechanical forces on the shoulder girdle and 
upper limb. Traumatic BPIs involve high force 
injuries and may injure structures beyond the 
brachial plexus. Pain from these structural inju-
ries may contribute to the patient’s pain state. 
Additionally, the muscle weakness resulting 
from the nerve injuries may cause traction 
forces on the injured nerves as well as the sup-
porting structures of the shoulder and arm. This 
appears to be particularly problematic in the 
area of the shoulder girdle muscles and struc-
tures. Weakness of the rotator cuff muscles 
results in subluxation of the glenohumeral joint 
causing traction on the traversing tendons, liga-
ments, and capsular structures. The result is 
further nocioceptive sources such as tendinopa-
thies, muscle spasms, and arthritis. Nocioceptive 
pain is much less common distally. Perhaps this 
is because the more distal structures have much 
less mechanical stressors, particularly if the 
hand is not being used for functional activities. 
Although no studies exist on the treatment of 
such pain sources, one can proceed with stan-
dard musculoskeletal techniques. Modalities, 
such as heat, ice, massage, traction, chiroprac-
tic manipulation, and surface electrical stimula-
tion, may all be used in a standard fashion. 
Acupuncture and dry needling may help with 
myofascial components of pain as well. 
Medications such as acetaminophen and non-
steroidal anti-inflammatories may be used. 
Injections in the peritendinous areas or trigger 
points can be effective as well.

K. A. Bengtson
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Mechanically, it is difficult to support the 
weight of the arm with any type of shoulder 
sling. Patients may feel more comfortable with 
the shoulder subluxation reduced and often 
find themselves holding their injured arm with 
the unaffected side, trying to push the humeral 
head back into the glenoid fossa. Various forms 
of balanced forearm orthoses have been uti-
lized. Theoretically, one may use a forearm 
trough to hold the distal upper limb horizon-
tally. This is then suspended from a shoulder 
cap and harness from a point on the proximal 
forearm. The weight of the hand is used to push 
the humerus upwards and reduce glenohumeral 
subluxation. Unfortunately, this fine balancing 
act is difficult to maintain in normal daily 
activities. In more active individuals, it is much 
more practical to use a sling and swath device 
which is most effective with the elbow at an 
acute angle placing the hand at the level of the 
contralateral clavicle. This allows the sling to 
suspend most of the weight of the upper limb 
with direct force on the flexed elbow. If the 
sling is secured to the torso using a wide swath 
which extends superiorly to the midthoracic 
level, the patient may participate in active 
sports such as running, skiing, and skydiving 
to name a few. Surgeries such as shoulder 
fusion [36] and shoulder tendon transfers about 
the shoulder girdle [37] have been to help con-
trol mechanical pain associated with brachial 
plexus injuries as well.

 Conclusion

In summary, the treatment of pain following bra-
chial plexus injuries is challenging. Pain is often 
recalcitrant to standard medication regimens for 
both nociceptive and neuropathic pain. The 
patients are often overcome by both types of 
pain, and pain remains at the center of their lives.

The tools for treating brachial plexus pain are 
essentially the standard tools for the treatment of 
neuropathic pain in general. Medication proto-
cols are taken directly from neuropathic pain 

treatment guidelines. Modalities for nociceptive 
pain are derived from experiences treating mus-
culoskeletal pain of other etiologies. Finally, sur-
gical treatment for pain is modestly successful 
and remains controversial.
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Traumatic brachial plexus injuries can have dev-
astating effects on upper extremity function [1]. 
Historically, prosthetic and orthotic treatment 
options for brachial plexus injury have varied 
greatly, with results of treatment being poor to 
limited. Following World War II, the traditional 
approach was surgical reconstruction involving 
shoulder fusion, elbow bone block, and finger 
tenodesis [2]. With limited functional outcomes, 
surgical intervention shifted in the 1960s to trans-
humeral amputation and shoulder fusion in a 
slight abducted and flexed position, treated with 
body-powered prosthetics [3]. The shoulder 
fusion increases the biomechanical leverage on 
the scapula from the weight of the arm and pros-

thesis [4]. In 1961, Yeoman and Seddon [5] 
reported 36 patients treated for flail arm in bra-
chial plexus. Reconstruction versus amputation 
and shoulder arthrodesis versus no treatment 
were compared. Improved functional result was 
described by amputation-arthrodesis than either 
reconstruction or no operation. The loss of gleno-
humeral motion due to suprascapular and axillary 
nerve involvement limited the effectiveness of 
body-powered prostheses [5]. The limited effec-
tiveness relates to the lack of bi-scapular abduc-
tion, shoulder depression, and extension required 
to operate the terminal device or elbow position, 
as the excursion necessary to generate output 
greatly exceeds the physiological capacity of the 
user. Additionally, the maximum effort to create 
excursion greatly reduces the ability for propor-
tional control to the terminal device. Yeoman and 
Seddon’s article noted patients tended to be “one- 
handed” within 2  years of the injury and that 
primitive surgical reconstruction outcomes 
yielded less satisfactory results compared to 
amputation and shoulder fusion that occurred 
within 24 months of injury.

In 1977, Ransford and Hughes [6] reviewed 
20 patients, 13 of whom were treated with ampu-
tation after brachial plexus injuries. Amputation 
did not relieve pain, and the prosthesis was not 
frequently used. In 1980, Rorabeck et al. [7] pub-
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lished 23 patients with complete brachial plexus 
lesions and 3 treatment approaches: no surgery, 
amputation, and amputation with shoulder 
arthrodesis. Return to employment and prosthetic 
wearing were best achieved with early amputa-
tion. In 2005, Bedi et al. [8] described their com-
bined glenohumeral arthrodesis and above-elbow 
amputation technique for the flail limb following 
a complete post-traumatic brachial plexus injury. 
According to their clinical experience, the com-
bination of these procedures resulted in an 
improved pain level, enhanced shoulder stability, 
and encouraged functional rehabilitation via 
prosthetic fitting and was associated with high 
patient satisfaction.

The enthusiasm for early elective amputation as 
a treatment option for severe brachial plexus lesions 
has been tempered with the introduction of more 
sophisticated nerve transfers, free functioning mus-
cle transfers, and intraplexal nerve grafting. 
Narakas [9] published in 1978 a series of 508 
patients with traction injuries of the brachial plexus 
over a period of 11  years. Only three secondary 
amputations were reported. Sedel [10] in 1982 had 
no amputations in his 139 cases. Allieu et al. [11] in 
1988 published a series of 28 patients with com-
plete brachial plexus paralysis after at least four 
years of follow-up. According to the authors, the 
preservation of the limb was always preferable to 
amputation, which was only requested by one 
patient. A series of 750 patients was published by 
Wilkinson et  al. [12], where elective amputation 
was performed in 13 cases at the patient’s request 
and as a possible element of rehabilitation. The 
pain of preganglionic injury was not relieved by 
amputation. According to Terzis et al., amputation 
should no longer be considered an option even in 
the face of global root avulsion [13].

A more recent study by Maldonado et al. [14] 
analyzed retrospectively all the amputations per-
formed at the Mayo Clinic after traumatic bra-
chial plexus injury. Out of more than 2000 
brachial plexus injuries, only 9 underwent an 
amputation. Three conditions were observed in 
all nine patients: (1) all were pan-plexus injury; 
(2) non-recovery (mid-humeral amputation) or 
elbow flexion recovery only (forearm amputa-
tion) 1 year after all other surgical options were 

performed; and (3) at least one chronic complica-
tion (chronic infection, nonunion fractures, full- 
thickness burns, chronic neck pain with arm 
weight, etc.). Pain improvement was found in 
five patients. Two more details are important 
from this study: (1) all patients requesting ampu-
tation were exposed to the amputation scenario 
before surgery by a multidisciplinary team – long 
discussions with the surgeons, rehabilitation 
staff, psychologists, prosthetists, and contact 
with previous amputee patients, and (2) neuro-
pathic pain and shoulder subluxation pain should 
be properly distinguished and discussed in detail 
with the patient understanding that neuropathic 
pain will not be addressed with an amputation.

With improved surgical techniques, flail arm 
reconstruction versus amputation offers two dif-
ferent approaches to restore function to pan- 
plexus- injured patients. Restoration of reliable 
elbow flexion and primitive prehension of the 
hand is now possible. Elective amputation after 
brachial plexus injury should be considered as an 
option in the above specific circumstances [14]. 
Regardless of surgical approach, further devel-
oped prosthetic and orthotic technology offers 
lighter, faster, and more intricate prehension that 
greatly exceeds the historical outcomes.

 Prosthetic Advances 
and Application to Patients 
with Upper Motor Neuron Injury

With widespread advancement and application 
of externally powered prosthetic components, 
limited body excursion for patients with upper 
motor neuron injury is now less problematic. 
Technologic advances with componentry, mate-
rials, and myoelectric inputs paired with design 
concept advances have opened the possibilities 
for brachial plexus-injured patients to actuate 
the control of a prosthesis. This includes con-
trol to the terminal device with open-close, 
wrist supination- pronation, and elbow flexion- 
extension. Additionally, with a greater number 
of individuals surviving motor vehicle acci-
dents, which is the leading cause of brachial 
plexus injury [15], more successful clinical 
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experience and collaboration has taken place 
improving technology and functional outcomes.

During the initial appointment, the prosthetist 
should complete a thorough evaluation to under-
stand the abilities and deficiencies of the patient. 
Assessing sound side and amputated side range of 
motion, manual muscle testing, and shoulder sta-
bility should occur, gathering necessary informa-
tion to consider when designing the prosthesis. If 
shoulder subluxation is a concern, incorporating 
offloading harnessing techniques and reducing 
the weight of the device should be prioritized.

Evaluating the patient to determine the con-
trol strategy and design that is most appropriate 
based upon the level of injury and amputation 
is required. Myotesting will determine which 
muscles can generate the greatest electromyog-
raphy (EMG) potential for prosthetic control, 
which is the most important aspect for success-
ful operation of the myoelectric prosthesis. The 
electrode should be placed matching the long 
axis of the muscle fiber, making even contact to 
assure accurate transcutaneous detection. The 
patient should be asked to contract and relax 
their muscles at normal effort and maximum 
effort. Visual feedback should be used with 
the patient, showing the EMG graph for a bet-
ter understanding of myoelectric control. The 
prosthetist and occupational therapist should 
work together to identify which muscles pro-
duce consistent, reliable outputs that can be 
assigned to functions for myoelectric control. 
The muscle groups selected should be assigned 
their natural movement, often a flexor and an 
extensor. Very weak muscles may still produce 
viable signals to operate externally powered 
prostheses. Based upon the level nerve involve-
ment and myotesting results, various control 
strategies can be used, including:

• Dual-site differential control: Motor power is 
determined by the stronger of the two signals, 
where the stronger signal is listened to by the 
terminal device.

• Dual-site first-over control: Motor power is 
determined by the first input signal to cross 
the threshold. The second signal is ignored 
until both open and close signals drop below 
the threshold.

• Single-site alternating control: Motor power is 
controlled by alternating the muscle contrac-
tion. The signal must cross the threshold for 
the movement and must drop below the thresh-
old before another signal is detected to move 
in the opposite direction. This control strategy 
is used if only one viable muscle site can be 
detected.

• Single-site voluntary close: The hand is fully 
opened at rest, and motor power will ensue for 
hand close when the signal crosses the thresh-
old. The signal must remain above the thresh-
old if the hand is desired to stay in the closed 
position.

• Single-site voluntary open: The hand is fully 
closed at rest, and motor power will ensue for 
hand open when the signal crosses the thresh-
old. The signal must remain above the thresh-
old if the hand is desired to stay in the opened 
position.

If myotesting does not detect adequate, repro-
ducible signals, a linear transducer should be con-
sidered. The linear transducer requires excursion 
less than 10  mm, usually produced through bi-
scapular abduction, replacing the functional 
inputs of the electrodes. The patient uses a figure-
 9 harness with axilla loop around the non- 
amputated side, which connects to the linear 
transducer. The linear transducer switch uses a 
variety of control strategies, including “alternat-
ing open-close” and “slow-close, quick-open.” 
The “slow-close, quick-open” option uses a slow 
bi-scapular abduction movement to close the ter-
minal device and a quick bi-scapular abduction 
movement to open. This option allows for propor-
tional control of the terminal device, controlling 
the speed of the terminal device by controlling the 
strength of the signal. Proportional control will 
allow for grasping of delicate objects gently, 
avoiding damage and distortion of the object. The 
linear transducer requires significantly less excur-
sion in comparison with traditional body-powered 
control, resulting in reduced energy expenditure 
and compensatory movements.

Once the control strategy is determined, iden-
tifying the appropriate suspension technique is 
required. If surface electrodes are being used, 
skin-fit suction suspension is preferred to create 
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direct contact to the electrodes. Direct contact of 
skin to electrode is required for EMG detection 
and control of the myoelectric prosthesis. A 
residual limb “pull sock” or “parachute sock” 
may be required for donning the prosthesis to 
fully seat the residual limb in the socket.

If a linear transducer is being used due to poor 
EMG signals on the residual limb, a silicone pin- 
locking liner is donned over the residual limb. 
The silicone liner provides an interface of protec-
tion between residual limb and prosthesis, as 
those with upper motor neuron involvement may 
have impaired sensation. Additionally, the pin- 
locking mechanism creates a secure lock for ade-
quate prosthetic suspension (Fig. 38.1).

With appropriate control strategy and suspen-
sion determined, terminal device options should 
be considered. Discussion with the patient 
regarding their goals, work requirements, hob-
bies, and expectations should occur. This conver-
sation will aid the prosthetist in selecting the 
necessary componentry, pairing the appropriate 
technology with the design of the prosthesis that 
will best meet the goals, needs, and lifestyle of 
the patient. When it comes to a loss or amputa-
tion of the upper extremity, it is very important 
the prosthetist communicates that there is truly 
no replacement for the part of the hand or arm 
that has been lost and that can mechanically 
accomplish the intricate movements and intuitive 

control found in the human body. There is no one 
device or one prosthetic hand or prosthetic hook 
or control strategy that will completely restore 
function. At best, the referring physician will pre-
scribe a prosthetic system that will be used as a 
tool to help restore some level of function for the 
patient’s life. Although myoelectric terminal 
devices differ in appearance, including resem-
bling the anatomic hand or presenting as a hook, 
each device functions off a similar principle, 
being a functional tool.

Advancements in technology has had the 
greatest impact in myoelectric terminal devices, 
especially in comparison with the historical pre-
decessors. No longer providing only rudimen-
tary prehension grip, myoelectric hands are now 
capable of a multitude of grip patterns, including 
but not limited to opposition, precision pinch, 
three-jaw chuck, and cylindrical. Furthermore, 
recent advancements have now incorporated 
customizable grips, where the patient can select 
a specific grip for a given activity by program-
ming each digit to move at a certain speed, end-
point, and time. Outside of muscle triggers, grips 
can be accessed in a variety of ways including 
Bluetooth grip chips, gesture control, and mobile 
application. Bluetooth grip chips can be placed 
in strategic locations with pre-programmed grips 
associated to each chip. When in vicinity of the 
grip chip, the Bluetooth connection will auto-
matically activate the programmed grip, creating 
ease and quick activation of a specified grip. 
Gesture control offers an additional means of 
control strategy, creating intuitive interaction 
between the patient and prosthesis. Gesture con-
trol enables specific grips by moving the myo-
electric hand in one of four directions, which is 
sensed by the gyroscope and actuators imbedded 
in the device. Mobile application control can be 
activated when using a smartphone or tablet, 
allowing for instant access of multiple grips. 
These improvements have created an expanded 
functional capacity of use, offering more fea-
tures to restore function to the amputated 
extremity.

There are numerous manufacturers designing 
and producing externally powered prosthetic 
hands and hooks that are readily available on the 

Fig. 38.1 Transradial prosthesis with flexible supracon-
dylar cuff, figure-9 harness with linear transducer excur-
sion. Silicone liner with pin suspension. Manual 
flexion-extension wrist. Externally powered terminal 
device
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market. Each device offers a different capability 
of speed, grip patterns, grip force, opening width, 
operating voltage, waterproof or water-resistant 
features, and battery capacity. Working closely 
with the patient, physician, occupational thera-
pist, physical therapist, and prosthetist will assure 
the componentry selected will best meet the 
functional goals of the patient.

 Further Considerations

Simpson states the prerequisites for upper limb 
function include proximal stability, placement in 
space, and functional grasp [16]. Proximal stabil-
ity of the shoulder should be achieved for 
improved prosthetic outcomes. The weight of the 
prosthesis needs to be considered when design-
ing and constructing the device, selecting materi-
als, and incorporating techniques to reducing 
further subluxation or instability. Material 
advancements include synthetic carbon fiber, 
fiberglass, and nyglass. These materials create 
strong, durable prostheses with minimal weight. 
Keeping the weight proximal is important, 
including housing the batteries, charging ports, 
and myoelectric controls in a strategic manner to 
reduce the perceived weight. Additionally, 
enhanced axilla harnessing can assist in reducing 
shoulder subluxation.

Placement in space refers to the functional 
envelope in which the prosthesis will operate. 
Patients with upper motor neuron involvement 
tend to have limited ability to control external 
rotation at the shoulder and, thus, internally rotate 
at the shoulder. For transhumeral patients, ante-
rior and posterior proximal socket trimline exten-
sions at the shoulder will improve shoulder 
control and pre-positioning of the prosthesis. 
Incorporating a socket extension panel on the 
anterior proximal trimline of the prosthesis will 
create an endpoint of contact, improving the 
socket alignment and pre-position in a functional 
space (Fig. 38.2). Adversely, a posterior proximal 
socket extension panel will promote external 
rotation at the shoulder (Fig. 38.3).

Additionally, harnessing techniques can 
encourage external rotation alignment, creating 

an external control strap added to the figure-9 
harness. With most tasks being performed at or 
near midline, assuring the alignment is conducive 

Fig. 38.2 Transhumeral prosthesis with anterior proxi-
mal extension at the shoulder, improving the positioning 
of the terminal device in a functional space. Externally 
powered terminal device

Fig. 38.3 Transhumeral prosthesis with anterior and pos-
terior proximal extension at the shoulder, improving the 
positioning of the terminal device in a functional space 
and promoting external rotation at the shoulder. High-
Fidelity socket design. Figure-9 harness with linear trans-
ducer excursion. Manual locking elbow. Manual 
flexion-extension wrist
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for functional tasks is important. For transradi-
ally amputated patients who lack elbow flexion 
sustainability, incorporating a humeral cuff with 
ratcheting step-up locking elbow joints with set 
increments will help pre-position the prosthesis 
in a functional capacity (Fig. 38.4). The ratchet-
ing lock feature can be positioned on or off, 
whether free motion or locking assistance is 
desired.

Achieving functional grasp relates closely 
with placement in space (Fig.  38.5). Some fea-
tures that may improve the efficiency of func-
tional grasp include wrist flexion and extension, 
manual wrist rotation, powered wrist rotation, 
manual elbow flexion, and powered elbow flex-
ion. Manual wrist rotation, manual wrist flexion, 
and manual elbow flexion requires manipulation 
with the sound side hand (Fig.  38.3). Although 
these manual functions are less intuitive in com-
parison with the externally powered technologi-
cal advancements, the benefit of reduced weight 
often creates a functional advantage. However, 
some patients may benefit from externally pow-
ered features to the wrist and elbow. For example, 
externally powered wrist supination and prona-
tion can help the patient position the terminal 
device in the optimal position unilaterally while 
maintaining grasp of an object on their sound 
side (Fig.  38.6). Additionally, transhumeral 
patients may benefit from externally powered 
elbow flexion and extension, positioning the ter-
minal device in an advantageous functional 
capacity while maintaining hold on their sound 

side. Each externally powered component 
requires an additional control source, which can 
be accessed using specific muscles inputs includ-
ing “hold open,” “double impulse,” “triple 
impulse,” or “co-contraction.”

Fig. 38.4 Transradial prosthesis with humeral cuff, 
ratcheting elbow lock joint on medial side, figure-9 har-
ness with linear transducer excursion. Silicone liner with 
pin suspension. Manual flexion-extension wrist. 
Externally powered terminal device

Fig. 38.5 Transradial prosthesis with humeral cuff, free 
motion joint on elbow, silicone liner pin suspension. 
Biceps and triceps electrodes housed in the humeral cuff 
for myoelectric control. Externally powered terminal 
device. Resting position at or near midline for improved 
function

Fig. 38.6 Transradial prosthesis with humeral cuff, 
ratcheting elbow lock on medial side, figure-9 harness 
with linear transducer excursion. Silicone liner with pin 
suspension. Externally powered wrist pronation- 
supination. Externally powered terminal device
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Prosthetic technological advances and 
increased clinical experience in managing 
patients with upper motor neuron injury have 
greatly improved the ability to perform bimanual 
activities, which prevents overuse injury of the 
sound side and limits compensatory movements, 
restoring functional outcomes that surpass the 
previous approach. Using a hybrid approach of 
myoelectric components with manual position-
ing additions will optimize function while mini-
mizing weight, though externally powered 
additions can improve functional capacity if 
weight can be tolerated. Combining the techno-
logical advancements with a well-designed pros-
thesis that provides enhanced suspension and 
rotational control will improve the prosthetic 
outcome.

 Orthotics in Brachial Plexus Injury

Patients with upper motor neuron involvement 
have historically been offered rudimentary 
orthotic options. A standard sling, hemisling, 
Wilmer carrying orthosis, and hinged tenodesis 
splint have been the standard for treatment. These 
options offer advantages of reduced cost and ease 
of donning and doffing. Conventional static 
orthoses, though applicable in some instances, 
are less sophisticated options that lack the cov-
eted dynamic functional movement many patients 
desire. Recent application of technology used in 
myoelectric prosthetic design has been utilized in 
externally powered orthotic devices, restoring 
elbow flexion, elbow extension, hand open, and 
hand close using muscle signals produced by the 
patient. Incorporating technology that provides 
visual and physical feedback allows the patient to 
reproduce muscle activation and thus restore 
functional movements.

Myomo, a medical robotics company based in 
Cambridge, Massachusetts, developed an exter-
nally powered myoelectric orthosis named the 
MyoPro (Fig. 38.7). Originally developed at MIT 
and Harvard Medical School, the MyoPro is a 
custom-fabricated orthosis that helps restore 
dynamic function to those with intact arms 
affected by upper motor neuron injury. The 

MyoPro translates EMG signals detected by elec-
trodes at the biceps, triceps, wrist flexors, and 
wrist extensors into movement of the extremity. 
These muscle signals are read via transcutaneous 
detection and amplified to produce physiological 
elbow and hand motion.

The MyoPro software can be programmed for 
each individual to refine the sensitivity and pro-
portional control to the device, using gain, boost, 
threshold, and range of motion settings to create 
optimal function. Furthermore, programming can 
be adjusted as strength and reinnervation occurs. 
The MyoPro elbow motor offers approximately 7 
Newton-meters of torque. For Motion G, the 
grasp motor offers approximately 1.1 Newton- 
meters of torque [17]. Each device uses inter-
changeable rechargeable batteries. The MyoPro 
device is currently the only commercially 
 available externally powered upper extremity 
orthosis.

A thorough evaluation of the patient must be 
completed by the orthotist to assure candidacy 

Fig. 38.7 The MyoPro Motion G custom-fabricated 
myoelectric orthosis. The electrodes are housed within the 
humeral cuff and forearm cuff, reading the muscle signals 
from the biceps, triceps, wrist flexors, and wrist extensors. 
The multi-articulating wrist allows for passive pronation, 
supination, wrist flexion, and wrist extension. Velcro clo-
sures are applied at the hand, forearm section, humeral 
section, chest strap, and axilla saddle. Donning begins 
distally at the hand and moves proximal, working one 
joint segment at a time to assure proper positioning and 
alignment
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for the MyoPro. Gathering detailed orthotic his-
tory, assessing resting position of the extremity, 
evaluating shoulder subluxation, measuring pas-
sive and active range of motion, manual muscle 
testing, and myotesting for adequate EMG sig-
nals must be completed.

Based upon the level of injury and evaluation 
considerations, the patient may be suited for one 
of three MyoPro options:

 1. MyoPro Motion W: Multi-articulating, friction 
wrist-jointed model without motorized grasp

 2. MyoPro Motion G: Motorized three-jaw 
chuck grasp with multi-articulating wrist

 3. MyoPro Motion E: Static fixed wrist without 
motorized grasp

There are eight different modes that can be 
readily accessed in the Motion G, while only four 
different modes for Motion W and E. Each mode 
can be accessed via the device or in the software 
(Fig. 38.8). Patients require only one viable EMG 
location to be considered a candidate for the 
MyoPro, though additional myosites will allow 
for multiple modes to be used.

Different control strategies based on level of 
involvement and myotesting results include:

• Elbow:
 – Standby Mode: The device is powered on. 

The elbow motor will not respond to EMG 
signals.

 – Bicep Mode: The elbow motor will respond 
to the bicep EMG signal. When the bicep 
EMG signal is relaxed, the device is 
extended. When the bicep EMG signal 
crosses the threshold, the device will flex.

 – Triceps Mode: The elbow motor will 
respond to the triceps EMG signal. When 
the triceps EMG signal is relaxed, the device 
is flexed. When the triceps EMG signal 
crosses the threshold, the device will extend.

 – Dual Mode: The elbow motor will respond 
to both bicep and triceps EMG signals. 
When the bicep EMG signal crosses the 
threshold, the device will flex, as long as 
the bicep EMG signal is greater than the 
triceps EMG signal. When the triceps EMG 
signal crosses the threshold, the device will 

extend, as long as the triceps EMG signal is 
greater than the bicep EMG signal.

• Hand (Motion G only):
 – Standby Mode: The device is powered on. 

The hand motor will not respond to EMG 
signals.

 – Open Mode: The hand motor will respond 
to the wrist extensor EMG signal. When 
the wrist extensor EMG signal is relaxed, 
the device is closed. When the wrist exten-
sor EMG signal crosses the threshold, the 
device will open.

 – Close Mode: The hand motor will respond 
to the wrist flexor EMG signal. When the 
wrist flexor EMG signal is relaxed, the 
device is opened. When the wrist flexor 
EMG signal crosses the threshold, the 
device will close.

Fig. 38.8 The MyoPro Motion G, incorporating a three- 
jaw chuck grasp with multi-articulating wrist. The battery 
source is located on the lateral portion of the device. The 
various modes to the elbow and hand can be readily 
accessed by clicking the green buttons. Mode options 
include elbow only, hand only, or both elbow and hand. 
Electrodes need to make direct contact to the skin for 
accurate detection of the muscle signal. The gain, boost, 
and threshold settings can be adjusted within the software 
for consistent, reproducible outputs that will restore phys-
iological elbow and hand motion

A. Nelson et al.



425

 – Dual Mode: The hand motor will respond 
to both wrist extensor and wrist flexor 
EMG signals. When the wrist extensor 
EMG signal crosses the threshold, the 
device will open, as long as the wrist exten-
sor EMG signal is greater than the wrist 
flexor EMG signal. When the wrist flexor 
EMG signal crosses the threshold, the 
device will close, as long as the wrist flexor 
EMG signal is greater than the wrist exten-
sor EMG signal.

Shoulder and elbow harnessing must be incor-
porated into the device to create alignment in a 
functional capacity. Axilla saddle supports are 
required due to shoulder subluxation concerns 
and shoulder girdle weakness (Fig.  38.9). 
External rotation straps are used if shoulder 
weakness or instability occurs, better positioning 
the arm in a functional space. This will limit the 

tendency for the arm to be internally rotated upon 
use. Customized harnesses should be considered 
for significant shoulder instability or inability to 
preform external rotation. Contraindications for 
the MyoPro include shoulder subluxation greater 
than two finger-widths, inadequate EMG signal 
at both biceps and triceps, elbow contractures, 
and any uncontrollable pain.

 Multidisciplinary Approach

Regardless of prosthetic or orthotic treatment, a 
multidisciplinary approach is required for the 
best outcomes for the patient. Each member of 
the care team contributes specific knowledge in 
their discipline, improving the function and pro-
ficiency for the patient.

• Physician/surgeon: Documenting surgical 
intervention, including specification on tar-
geted muscle reinnervation, nerve transfer, or 
free muscle transfer, will assist the prosthetist, 
orthotist, occupational therapist, and physical 
therapist on proper considerations for device 
and therapy training. Additionally, documen-
tation supporting the prescribed device, 
including justification and rational of the com-
ponentry and socket design concepts, will ulti-
mately provide the insurance company better 
understanding and increase the likelihood of 
approval. Prescribing physical therapy and 
occupational therapy appointments for the 
patient will improve proficiency and function.

• Prosthetist and orthotist: The prosthetist and 
orthotist design, fabricate, and fit the appropri-
ate device based off the injury or amputation. 
They assure appropriate fit of the device, 
adjusting myoelectric settings for accurate 
and efficient function, including adjusting the 
amplification, sensitivity, and threshold. 
Additionally, determining optimal placement 
of electrodes, assessing the control strategy, 
and optimizing the prehension and speed of 
the terminal device is necessary. Lastly, assur-
ing appropriate suspension, harnessing loca-
tion, and alignment needs to be monitored.

• Physical therapist and occupational therapist: 
During the rehabilitation phase, pre-prosthetic 

Fig. 38.9 Axilla saddle harnessing is required to reduce 
shoulder subluxation concerns and provide support to the 
weakened shoulder muscles. The axilla harness will load 
weight proximally, reducing the perceived weight of the 
4.5  lb. device. Custom harnessing should be considered 
for significant shoulder instability. An external shoulder 
rotation strap can be applied if necessary, attaching from 
the D-ring posteriorly to the axilla strap at or near the infe-
rior angle of the scapula. Secure strap once the desired 
tension of external rotation is achieved
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training should be performed. This includes 
training to use specific muscle movements 
within the residual limb to mimic grip pat-
terns, which will improve the intuitiveness of 
the prosthetic control strategy and utilization. 
Additionally, strength and range of motion 
exercises should be covered. Following orthotic 
or prosthetic fitting, donning and doffing strate-
gies need to be discussed and attempted with 
the patient, determining the most effective 
option based on the level of injury or ampu-
tation. Education and exercises focusing on 
activating and differentiating isometric muscle 
groups, along with co- contraction and pro-
portional control training, will aid in efficient 
control techniques. Strategies for managing 
bimanual activities and reducing compensatory 
movements need to be emphasized. Assuring 
the appropriate amount of therapy sessions 
have been scheduled for the patient is required, 
increasing the effectiveness and success while 
minimizing frustration and rejection. With 
advanced physical therapy and occupational 
therapy, the patient will require less cogni-
tive effort and movements will become more 
natural.
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The Role of Therapy:  
Pre- and Post- surgery Protocols

Kimberly Jensen and Stephanie Kannas

 Introduction

One of the most anxiety-provoking topics for 
occupational and physical therapists is learning 
and understanding the complex anatomy of the 
brachial plexus. Knowing the proper rehabilita-
tion techniques to treat adults with a brachial 
plexus lesion is essential. It must be communi-
cated with the therapist the rehabilitation needs 
from the time of first evaluation through the post- 
surgical reconstruction period, including lifetime 
restrictions and expectations.

Common therapy interventions for all patients 
with brachial plexus injuries include:

 1. Range of motion
 2. Gravity-eliminated motion/strengthening
 3. Slings and/or orthotics
 4. Manual therapies for scar management and 

edema control
 5. Graded motor imagery
 6. Neuromuscular reeducation and activation 

techniques
 7. Modalities
 8. One-handed activities of daily living, work, 

and leisure

 Preoperative Rehabilitation

Therapy plays a critical role in a patient’s care 
after a brachial plexus injury. Even if an injury to 
the brachial plexus has not been ascertained, the 
care team should be suspicious especially, when 
a patient sustains multi-trauma and requires seda-
tion with significant injuries to the shoulder gir-
dle, first rib, or axillary arteries [1]. The surgeon 
should ideally be in close communication with 
the therapist during the acute phase. In the acute 
phase of the injury, the therapist needs to con-
sider instructing the patient and caregivers in a 
self-care management program that includes 
range of motion exercises, edema management, 
sling use, orthotic use, graded motor imagery, 
one-handed activities of daily living, pain man-
agement address psychosocial concerns [2].

Range of motion needs to be maintained after 
the initial injury. Emphasis should be placed on 
maintaining shoulder external rotation, shoulder 
elevation, elbow flexion, forearm supination, 
metacarpal phalangeal joint flexion, and first web 
space abduction while being mindful of other 
injuries which may preclude motion (Figs. 39.1, 
39.2, 39.3, 39.4, 39.5, and 39.6). Motion can 
progress from passive to active assisted to active 
range of motion based on the pattern of injury. 
Even in a complete avulsion, it is imperative to 
maintain full passive finger range of motion to 
allow for future surgical reconstruction efforts if 
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necessary [3]. A self-management program at 
home is optimal to achieve the best results [3].

As nerve function returns (either spontaneously 
or post-surgically), a gravity-eliminated strength-
ening program needs to be initiated. Once the 
patient can perform 10–15 repetitions without 
fatigue or substitution patterns, resistance in the 
form of weights (wrist cuff, dumbbell) can be 
added to the gravity-eliminated position. 
Progression of the amount of weight should con-
tinue in the gravity-eliminated position until the 
patient reaches approximately 8 pounds of resis-
tance. Working up to 8 pounds of resistance in a 
gravity-eliminated plane will replicate the weight 
of the forearm once the patient can progress to the 
against gravity plane. The patient can then change 
positions to an against gravity position without 
weight in the affected extremity.

Strengthening of potential donor muscles for 
potential future nerve or tendon transfers is also 
very important. For example, if the surgeon is 
planning on using a branch of the triceps radial 
nerve to the axillary nerve, the preoperative ther-
apy should focus on strengthening of the triceps.

Sling use is important for patients with pan- 
plexal or upper trunk injuries to support the para-
lyzed arm, mitigate inferior glenohumeral 
subluxation, and maintain the length-tension 
relationship of the involved muscles’ sarcomeres 
to allow each muscle to generate appropriate 
force [4, 5]. Common slings used include univer-
sal slings, envelope slings, or hemi slings 
(Figs.  39.7, 39.8, 39.9, and 39.10). The sling 
should position the head of the humerus in nor-
mal alignment to a slightly elevated position in 

Fig. 39.1 Passive range of motion for shoulder elevation/
flexion

Fig. 39.2 Passive range of motion for shoulder external 
rotation
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the glenoid [3]. If a patient wants more security 
in a sling, a swath component may be included to 
keep the arm positioned close to the body. 
Another sling option is the Wilmer Carrying 
Orthosis and modifying the forearm component 
for custom wrist support. This sling has a pulley 
that allows for positioning the elbow in various 
degrees of flexion (Fig. 39.11).

Upper extremity orthoses help maintain joint 
alignment in a functional position and maintain 
the length-tension relationship of each muscle. 
An intrinsic plus resting orthosis should be fabri-
cated to keep the wrist in extension, metacarpal 
phalangeal joints in flexion, interphalangeal 
joints in extension, and the thumb in palmer 
abduction (Fig.  39.12). This orthosis should be 

fabricated if the patient has lower trunk involve-
ment or noted joint contractures in the hand. By 
diligently keeping full passive range of motion, 
the patients may not need additional procedures 
by such as joint manipulations under anesthesia, 
capsulotomies, or intrinsic tendon transfers. If 
the patient is beginning to lose passive range of 
motion, dynamic orthoses or static progressive 
orthoses should be considered. Common motions 
that become limited over time include shoulder 
external rotation, forearm supination, metacarpal 
phalangeal joint flexion, and first web space 
abduction. Common orthoses fabricated in our 
clinic include the intrinsic plus resting orthosis 
with thumb in palmer abduction (Fig.  39.12), 
web spacer or C-bar (Fig.  39.13), and dynamic 

Fig. 39.3 Passive range of motion for elbow flexion

Fig. 39.4 Passive range of motion for forearm 
supination
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Fig. 39.5 Passive range of motion for metacarpal phalan-
geal joint flexion

Fig. 39.6 Passive range of motion for first web space 
stretch

Fig. 39.7 Hely & Weber The UpLift Support Sling

Fig. 39.8 The Ultimate Arm Sling
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metacarpal phalangeal joint flexion orthosis 
(Fig. 39.14).

Cortical changes occur directly after an injury 
to the brachial plexus [6]. In a primate model, 
once the nerve has been injured, the somatosen-
sory cortex for that nerve becomes silent. 
Corresponding areas in the somatosensory cortex 
will attempt to take over this silent region. If the 
nerve can regenerate or is repaired, the somato-
sensory cortex will have continued reorganiza-
tion in the silent area [6]. The primary motor 

Fig. 39.9 The Universal Sling

Fig. 39.10 The GivMohr Sling

Fig. 39.11 Modified Wilmer Carrying Orthosis

Fig. 39.12 Intrinsic plus resting hand orthoses
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cortex has plasticity during motor skill 
 acquisition. Research has shown in the adult pri-
mary motor cortex to be slowly changing and 
ever adapting to new motor learning [7]. If pos-
sible during the preoperative visit,  neuromuscular 
reeducation of the potential nerve transfer should 
begin [4, 6]. For example, if a patient is to have a 
spinal accessory nerve transfer to the suprascapu-
lar nerve, activating the trapezius upper, middle, 
and lower should be emphasized while the patient 
visualizes shoulder elevation and external rota-
tion of the arm before surgery. Adherence to the 
home exercise program for neuromuscular reedu-
cation to achieve the best results is also empha-
sized [4, 6].

Neuropathic pain after a traumatic brachial 
plexus injury can be devastating. In addition to 
pain management, a therapist can use modalities 
such as transcutaneous electrical nerve stimula-
tion, thermal modalities, total contact pressure, 
and desensitization techniques. Graded motor 
imagery (GMI) is a program to assist patients in 
pain management using a top-down model. It has 
been found that chronic pain in the affected body 
part influences cortical changes in the brain [8]. 
In phantom limb pain and complex regional pain 
syndrome, the somatosensory cortex is less active 
[8–10]. Another key concept of using graded 
motor imagery is the mirror neurons. Mirror neu-
rons are active in both motor execution and 
observation [10]. It is thought that these mirror 
neurons do not fire correctly in patients with 
chronic pain [8].

Graded motor imagery has three phases: later-
ality training, visualization of hand movements, 
and mirror visual feedback (Figs.  39.15 and 
39.16). This three-step program is used to acti-
vate the cortical motor networks and improve 
cortical reorganization. In the laterality phase, 
the patient identifies right versus left hands 
through flashcards. Increasing difficulty by add-
ing more flashcards, increasing the rate of cards 
presented, and changing orientation of the cards 
is performed. The goal of this phase is to assist 
the brain in establishing right and left hand con-
cepts and have an intact body schema. The sec-
ond phase of GMI is the visualization of hand 
movements without moving the affected hand. 
The patient is asked to visualize the affected hand 
performing different hand positions. The goal of 
this phase is to activate the motor cortex without 
causing pain [8, 11]. The last phase is mirror box. 
In this phase, the patient places the affected hand 
behind a mirror box while observing the unaf-
fected hand in the mirror reflection. While 
observing the mirror reflection, the patient is 
receiving visual feedback that not all hand move-
ments are painful in what appears to be the 
affected hand [8].

One-handed activities with each patient diag-
nosed with a brachial plexopathy are discussed, 
and the patient should be educated with one- 
handed aids and tools. Despite advances in recon-

Fig. 39.13 Web spacer or C-bar orthosis

Fig. 39.14 Dynamic metacarpal phalangeal joint flexion 
orthosis
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structive procedures, the affected hand becomes a 
helper hand after the injury. In a study by 
Mancuso et al. [12], the authors encouraged reha-
bilitation efforts to support therapies for both the 
affected and unaffected extremities. It may be 
beneficial to have the therapies for each upper 
extremity separate from each other to allow the 
patient to fully participate in one-handed activi-
ties of daily living in one session while focusing 
on the affected extremity in another session [12]. 
Hand dominance affects the intensity of therapy 
for one-handed activities and compensatory tech-

Fig. 39.15 Phase 1 of graded motor imagery: laterality cards

Fig. 39.16 Phase 3 of graded motor imagery: mirror box
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niques using adaptive equipment. Common 
themes in our clinic for difficult daily activities 
include handwriting, donning a bra for women, 
tying shoes, zipping a coat, and cracking an egg.

Psychosocial concerns and patient expecta-
tions impact rehabilitation outcomes for 
patients with brachial plexus injuries [13]. In 
one qualitative study assessing psychosocial 
factors and discussing patient expectations 
prior to surgery, the patients expected a 
decrease in pain and improvement in function 
for self-care, leisure, and work. These patients 
reported mental health effects of anxiety, 
depression, anger, and suicidal ideation due to 
the BPI.  Patients have major life changes in 
education or employment due to the  devastating 
injury. Finances after injury were also a major 
stress factor [14]. It is important to use a holis-
tic approach as appearance and body image are 
important to our patients [13]. During therapy 
sessions, for pan-plexal, lower trunk injuries or 
complex injuries, it is imperative to stress that 
the affected hand will be a helper hand and will 
not return to the prior level of function. This 
helps set up realistic expectations for each 
patient. The therapist often becomes the advo-
cate for patients who are having difficulties 
coping with injury and recommends visits with 
rehabilitation psychologists.

Preoperative rehabilitation needs a holistic 
approach to treat each patient. Rehabilitation 
needs a multidisciplinary approach to address all 
concerns. These concerns range from regaining 
range of motion and strengthening, fabricating 
orthoses, and fitting of slings to maintaining the 
length-tension relationship of muscles, beginning 
neuromuscular reeducation techniques for future 
reconstructive surgery options, assisting with 
pain management strategies, increasing function 
with daily occupations, and advocating for each 
patient with psychosocial concerns. It is crucial 
to maintain close contact with the referring sur-
geon to consistently keep the message the same 
that the affected extremity will be a helper hand 
and not return to normal. It is the goal of rehabili-
tation providers want to help increase the patient’s 
function through the unaffected and affected 
extremity.

 Postoperative Rehabilitation

Proper physical and occupational therapy after 
brachial plexus reconstructive surgery is of great 
importance to aid the patient in achieving their 
best possible functional outcome. A keen under-
standing of the surgical procedure(s), the time-
line for healing, the future neuromuscular 
reeducation techniques, and the specific surgeon 
protocols should be communicated with the ther-
apy team. When the surgeon and therapist are 
effective as a team, the optimal therapy plan can 
be formulated.

Common surgical procedures for brachial 
plexus reconstruction include nerve grafts, nerve 
transfers, free functioning muscle transfers 
(FFMT), tendon transfers, and joint fusions.

Ideally the surgical team will immediately 
involve the services of physical and occupational 
therapy postoperatively. It is important to follow 
surgical protocols for early immobilization and 
allowed range of motion. Immobilization may 
include casting, shoulder immobilizers, slings, or 
custom-made orthoses to name a few. Following 
immediate post-surgical immobilization, it is 
important that patients with upper trunk injuries 
continue with a hemi-sling to decrease the sub-
luxation of the glenohumeral joint. This sling can 
be discontinued once appropriate reinnervation 
to the supraspinatus has occurred. The patient 
may need education in passive and/or active 
range of motion to the unaffected joints to be 
completed multiple times a day. Udina and col-
leagues [15] found that performing active and 
passive exercises of the involved limb slightly 
improved the amount of nerve reinnervation by 
increasing trophic factor release in rats. Therefore, 
it may be important for our patients to begin 
range of motion exercises of the involved joint(s) 
as soon as safely possible after surgery. The 
patient may need appropriate edema control mea-
sures immediately postoperative. The patient 
should be instructed in proper education in scar 
management techniques. In the case of a nerve 
transfer surgery, it is extremely important that the 
patient is educated early in and understands what 
donor muscle(s) needs to be “fired” to send the 
proper signal to the receiving muscle [4]. Once it 
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is safe to do so, the patient needs to practice fre-
quent activation techniques with the donor mus-
cle to promote neural activation and growth [4]. 
The patient would also benefit from a supportive 
discussion regarding the short- and long-term 
rehabilitation expectations postoperatively. The 
patient needs to understand that recovery is a 
long, slow process and strength gains vary among 
individuals and may take several years for good 
results [4].

After EMG confirmation of reinnervation, we 
begin patient neuromuscular reeducation in a 
progressive gravity-eliminated (GE) exercise 
program for all brachial plexus reconstruction 
surgeries. The progression is as follows: (1) 
exercises in GE positions on low friction sur-
faces, (2) GE with added friction or light resis-
tance once the patient achieves a functional arc 
of motion, (3) against gravity exercises without 
resistance after the patient builds strength in GE, 
and lastly (4) against gravity strengthening and 
eventual dissociation of the donor muscle with 
recipient muscle co-contraction. It is important 
to keep in mind as reinnervation to the targeted 
muscles begins, the patient will be very weak 
and fatigue quickly due to decreased number of 
muscle units available and the recovering muscle 
physiology. Sessions should be of short duration 
(5–10 minutes possibly) and completed several 
times a day [16]. Trick motions or substitution 
patterns and undesired muscle co-contractions 
during all phases of the rehabilitation process 
should be watched for and corrected. Once the 
patient has good strength in the reinnervated 
muscle(s) and can use the arm functionally, they 
often still will note significant fatigue with repet-
itive tasks and with activities needing sustained 
contraction [17].

Through the neuromuscular reeducation pro-
gram, a patient will establish new cortical map-
ping to gain functional use of the affected 
extremity [18]. A GMI program can be started 
with a patient before any surgical procedure to 
stimulate the premotor cortex and should con-
tinue after surgery. If the patient has not partici-
pated in a GMI program prior to surgery, he/she 
should be instructed in the process by a physical 
or occupational therapist shortly after surgery.

 Therapy Programs for Specific 
Neurotizations

 Spinal Accessory Nerve (SAN) 
to Suprascapular Nerve (SSN)

The spinal accessory nerve (SAN) to suprascapu-
lar nerve (SSN) transfer is used to help restore 
shoulder function. The distal portion of the SAN, 
which provides motor innervation to the middle 
and lower trapezius, is transferred to the SSN 
(Fig.  39.17). Immediately following surgery, the 
patient will be in an immobilized for 3 weeks to 
allow nerve coaptation to heal and should work on 
maintaining passive range of motion of all other 
available joints except the shoulder. It is important 
that the patient return to wearing a hemi-sling to 
support the glenohumeral joint while awaiting 
reinnervation to the supraspinatus muscle. Early 
neuromuscular rehabilitation begins with activa-
tion of the upper and middle trapezius muscles 
(shoulder rolls and shoulder blade squeezes). 
Detailed neuromuscular reeducation will begin 
with noted EMG reinnervation, typically around 

Fig. 39.17 Surgical procedure for spinal accessory to 
suprascapular nerve transfer
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4–6 months postoperatively. If the patient has an 
innervated serratus anterior, he/she should work 
on strengthening this muscle to assist with upward 
scapular rotation. During active scapular retrac-
tion, Kahn and Moore [4] advise the patient to use 
the uninvolved hand to passively externally rotate 
the involved arm to assist with developing new 
motor patterns. They also recommend the patient 
place the surgical arm in partial abduction and 
external rotation (ER) for short periods during the 
day to maintain supraspinatus/infraspinatus ideal 
length [4]. With further motor return, the patient 
should continue with gravity-eliminated or active-
assisted exercises that focus on combined shoulder 
abduction and ER with active scapular retraction. 
As the patient continues to gain strength, progress-
ing to against gravity place and hold exercises, 
wall slides, and other light resistance exercises are 
appropriate. See Table 39.1 for our protocol.

 Triceps Branch to Axillary Nerve

Triceps branch of the radial nerve to axillary 
nerve transfer is a common technique to restore 
deltoid function in an upper trunk injury. This 

was described by Leechavengvongs in 2003 who 
transferred the long head of the triceps nerve 
branch to the anterior division of the axillary 
nerve [19] (Fig.  39.18). Following surgery, the 
patient needs to immobilize his/her shoulder and 
elbow for 3 weeks and work on range of motion 
of the uninvolved joints. At 3 weeks post-op, pas-
sive range of motion to the involved shoulder can 
begin with an emphasis on shoulder external 
rotation (ER) and scapular mobilization. Initial 
neuromuscular rehabilitation starts with activa-
tion of the triceps isometrically or with donor/
recipient patterning via seated shoulder flexion 
table slides (Fig.  39.19). Kahn and Moore also 
instruct the patient to slide his/her affected hand 
on his/her thigh toward his/her knee from a seated 
position [4]. In our clinic, we use a light resis-
tance band anchored just above and behind the 
patient for elbow extension with patterning of 
shoulder elevation a helpful exercise for reeduca-
tion once reinnervation is detected via EMG (typ-
ically at 4–6 months) (Fig. 39.20). To reeducate 
shoulder ER, the patient can be seated with his/
her forearm resting on a low friction surface on a 

Table 39.1 Spinal accessory nerve to 
suprascapularnerve

Goal
Restore shoulder external rotation 
and abduction

Activation 
technique

Shoulder rolls, shoulder retraction

0–3 weeks after 
surgery

Shoulder immobilizer/sling for 
nerve healing

3 weeks after 
surgery

Maintain passive range of motion 
to all available joints
Graded motor imagery
Perform shoulder rolls or shoulder 
retraction while visualizing the 
arm externally rotating or 
abducting the shoulder
Strengthen the trapezius
Actively retract the scapula and 
passively externally rotate or 
abduct the shoulder

After EMG 
confirmation 
(typically 
4–6 months)

Start a gravity-eliminated 
strengthening program for 
shoulder external rotation and 
abduction neuromuscular 
reeducation
Begin biofeedback

Fig. 39.18 Surgical procedure for triceps branch of the 
radial nerve to axillary nerve
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table. From here, gentle isometric triceps activa-
tion coupled with passive/active assistive ER is 
begun. Continued reinnervation often begins 
with the posterior deltoid; therefore, with further 
motor return, it is helpful to position the patient 
prone to work on shoulder extension and shoul-
der abduction. In this position, the patient will 
co-contract with the triceps to further flood the 
recipient deltoid (Fig.  39.21). The patient can 

also be positioned in side-lying on the unaffected 
side with the surgical arm on a therapy skate-
board for gravity-eliminated shoulder flexion 
reeducation. See Table 39.2 for our protocol.

Fig. 39.19 Seated shoulder flexion slides

Fig. 39.20 Resistance band triceps activation

Fig. 39.21 Prone elbow extension with shoulder 
extension

Table 39.2 Triceps branch of the radial nerve to axillary 
nerve

Goal
Restore shoulder forward flexion, 
abduction, and extension

Activation 
technique

Activate with elbow extension or 
wrist extension

0–3 weeks after 
surgery

Shoulder and elbow 
immobilization to allow nerves to 
heal
Wrist and hand range of motion

3 weeks after 
surgery

Passive range of motion to 
shoulder, emphasis on scapular 
mobilizations, shoulder external 
rotation
Graded motor imagery
Perform elbow extension or wrist 
extension while visualizing the 
shoulder moving in forward 
flexion, abduction, and extension
Strengthen the triceps and wrist 
extensors
Actively extend the elbow or wrist 
while passively moving the 
shoulder into forward flexion, 
abduction, and/or extension

After EMG 
confirmation 
(typically 
4–6 months)

Start a gravity-eliminated 
strengthening program for 
shoulder forward flexion, 
abduction, and extension 
neuromuscular reeducation
Begin biofeedback
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 Ulnar Nerve to Biceps 
Musculocutaneous Nerve  
Branch/Median Nerve to Brachialis 
Musculocutaneous Branch

Restoring elbow flexion is crucial as it helps posi-
tion the hand for activities of daily living. The 
most popular nerve transfer to restore elbow flex-
ion in an upper trunk injury with intact C8–T1 
function was described by Oberlin in 1994. He 
transferred ulnar nerve fascicles that primarily 
innervated the flexor carpi ulnaris (FCU) and to 
the bicep motor branch of the musculocutaneous 
nerve [20]. Mackinnon et al. [21] desired to gain 
further elbow flexion strength and described a 
double fascicular nerve transfer by adding the 
transfer of median nerve fascicles to the brachia-
lis motor branch (Fig. 39.22). They reported early 
reinnervation at 5.5  months after surgery [21]. 
Similar to the above nerve transfers, the shoulder 

and elbow are immobilized for 3  weeks with 
allowed active/passive range of motion to the 
involved wrist and hand. Kahn and Moore [4] 
instruct the patient in early activation of the donor 
muscles through gripping therapy putty and 
beginning light wrist flexion curls with a 1-pound 
weight. Once the shoulder immobilizer is discon-
tinued, the patient needs to begin patterning 
desired elbow flexion with donor activation. This 
can simply be done with active finger grasp and 
wrist flexion/ulnar deviation during passive 
elbow flexion with assistance from the unin-
volved arm.

With EMG confirmation of early reinnervation, 
gravity-eliminated elbow flexion exercises are 
started with the forearm positioned on a therapy 
skateboard or friction-reduced surface. It is impor-
tant that the patient continues with activation tech-
niques using wrist flexion/ulnar deviation and 
finger grasping (Fig. 39.23). Once the patient has 

a

c

b

a b c a b c
Biceps motor br.

Musculocutaneous n.

Median n.

Ulner n.

Brachialls motor br.
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Biceps motor br.
Musculocutaneous n.

Median n.

Ulner n.

Brachialls motor br.
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Biceps motor br.
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Ulner n.

Brachialls motor br.
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Fig. 39.22 Surgical procedure for double fascicular nerve transfer for elbow flexion. (a) Median nerve fascicle to the 
brachialis motor branch; (b) Ulnar nerve fascicle to the biceps motor branch; (c) Double fascicular transfer for elbow 
flexion
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gained a nearly full arc of elbow flexion in this 
manner, progressive weight can be added to the 
skateboard or the patient begins exercising without 
the aid of the skateboard. The patient can then 
progress to place and hold elbow flexion exercises 
against gravity and eventually the use of light hand-
held weights when they achieve full elbow flexion 
against gravity. See Table 39.3 for our protocol.

 Intercostal Nerve 
to Musculocutaneous Nerve

If a donor nerve within the brachial plexus is 
not available for neurotization to restore elbow 
flexion, intercostal nerves (ICNs) can be trans-
ferred to the musculocutaneous nerve (MCN). 
Typically three to four ICNs are transferred to 
the MCN or two to three ICNs are directly 
transferred to the biceps motor branch [22] 
(Fig. 39.24). The ICN sensory and motor com-
ponents can be separated during surgery to 
allow for more pure motor axons being neuro-

tized. If these nerves are transferred, it is impor-
tant to understand that the patient will have 
lifelong restrictions regarding shoulder motion. 
To avoid rupturing the nerve coaptation, the 
patient needs to avoid shoulder abduction 
greater than 90°, shoulder flexion greater than 
90°, and ER greater than 90°.

Early reeducation begins by instructing the 
patient in activation techniques for the ICNs to 

Fig. 39.23 Gravity-eliminated elbow flexion with ulnar 
deviation of the wrist activation technique while using a 
skateboard

Table 39.3 Protocol for double fascilicular transfer 
using an ulnar nerve and median nerve fascicle to the mus-
culocutaneous nerve

Ulnar nerve fascicle to biceps musculocutaneous nerve 
branch
Goal Restore elbow flexion
Activation technique Activate with ulnar deviation of 

the wrist or key pinch
0–3 weeks after 
surgery

Shoulder immobilizer/sling for 
nerve healing

3 weeks after 
surgery

Maintain passive range of 
motion of all available joints
Graded motor imagery
Perform ulnar deviation of the 
wrist while visualizing elbow 
flexion
Strengthen flexor carpi ulnaris
Actively ulnarly deviate the 
wrist while passively flexing the 
elbow

After EMG 
confirmation 
(typically 
4–6 months)

Start a gravity-eliminated 
strengthening program for elbow 
flexion neuromuscular 
reeducation
Begin biofeedback

Median nerve fascicle to brachialis musculocutaneous 
nerve branch
Goal Restore elbow flexion
Activation technique Activate with finger flexion
0–3 weeks after 
surgery

Shoulder immobilizer/sling for 
nerve healing

3 weeks after 
surgery

Maintain passive range of 
motion of all available joints
Graded motor imagery
Perform finger flexion while 
visualizing elbow flexion
Strengthen grip specifically the 
flexor digitorum superficialis
Actively grip while passively 
flexing the elbow

After EMG 
confirmation 
(typically 
4–6 months)

Start a gravity-eliminated 
strengthening program for elbow 
flexion neuromuscular 
reeducation
Begin biofeedback
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initiate biceps and brachialis muscle contraction. 
This would include exhalation, inhalation 
Valsalva, and trunk flexion. Immediately follow-
ing surgery, the patient should be educated in the 
use of a spirometer to complete deep inspiration 
and exhalation exercises that will help stimulate 
the new neural pathway. The patient should also 
promptly start abdominal muscle exercises to 
help with ICN recruitment. In 2006, Chalidapong 
et al. [23] reported that patients who had under-
gone ICN to MCN neurotization had the greatest 
EMG activity in the elbow flexors during trunk 
flexion when compared with forced expiration, 
forced inspiration, and attempted isolated elbow 
flexion.

Once a palpable twitch is noted in the elbow 
flexors or with motor unit potentials reported on 
EMG, the patient’s reeducation program needs to 
progress to GE exercises. These exercises can be 
done side-lying with the affected extremity on a 
bolster or a sloped support. If the patient is seated, 
the affected extremity is placed just below the 
safe position for shoulder elevation to complete 
GE exercise. Using low friction surfaces is 

important to maximize recipient muscle joint 
motion and minimize fatigue in the beginning. 
Initiating elbow flexion with donor nerve 
 activation (trunk flexion, pursed-lip breathing, 
etc.) needs to continue. Once the patient demon-
strates a nearly full arc of motion in the GE plane, 
the therapist can introduce light resistance or 
increase friction in the GE plane. Advancement 
of exercises will continue to follow the progres-
sive program and will begin to work on separat-
ing the co-contraction of the donor muscle with 
the target muscle. See Table  39.4 for our 
protocol.

 Free Functioning Muscle Transfers 
for Elbow Flexion

When the timing from a complete avulsion bra-
chial plexus injury to surgery is greater than 
12  months, free functioning muscle transfers 
(FFMT) are recommended to obtain elbow flex-
ion. In the acute phase, FFMT can be used in 

Fig. 39.24 Surgical procedure for intercostal nerve to 
musculocutaneous nerve transfer

Table 39.4 Intercostal nerve transfer to musculocutane-
ous nerve

Goal Restore elbow flexion
Activation 
technique

Activate with pursed lip 
breathing, coughing, laughing, 
breathing in deeply, bearing 
down, trunk flexion

Permanent 
restrictions

No shoulder abduction, forward 
flexion, or external rotation with 
arm abducted greater than 90°

0–3 weeks after 
surgery

Shoulder and elbow 
immobilization to allow nerves to 
heal

3 weeks after 
surgery

Maintain passive range of motion 
of all available joints
Graded motor imagery
Perform breathing technique 
while visualizing elbow flexion
Spirometer for respiratory 
exercises
Actively perform breathing 
technique while passively flexing 
the elbow

After EMG 
confirmation 
(typically 
6–9 months)

Start a gravity-eliminated 
strengthening program for elbow 
flexion neuromuscular 
reeducation
Begin biofeedback
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addition to other nerve transfers to restore both 
elbow flexion and possible graph (Fig.  39.25). 
The gracilis muscle is often selected because of 
its proximal neurovascular pedicle that allows 
more rapid reinnervation and its long tendon 
length that allows for appropriate tendon excur-
sion [24]. For combined finger flexion and elbow 
flexion, a Pulvertaft weave is used to secure the 
gracilis tendon to the flexor pollicis longus ten-
don and flexor digitorum profundus (FDP) ten-
dons to restore rudimentary grasp. To prevent 
bowstringing of the distal tendon at the elbow, a 
pulley mechanism is created by passing the graci-
lis muscle underneath the biceps tendon and 
flexor digitorum superficialis (FDS) arch [24, 
25]. Nerve innervation can come from the SAN 
or ICNs. These patients will also have lifetime 
shoulder motion restrictions if the ICNs are used 
for reinnervation (avoid shoulder abduction 
greater than 90°, shoulder flexion greater than 
90°, and ER greater than 90°). It is recommended 

to avoid any elbow extension less than 30°. This 
position allows for an ideal angle of pull and 
more appropriate length-tension relationship of 
the muscle, making eventual active elbow flexion 
easier to initiate. A wrist and thumb interphalan-
geal joint (IP) arthrodesis is performed several 
months after the FFMT to simplify the wrist/
grasp mechanics to allow a single muscle to pro-
vide rudimentary grasp.

Postoperatively, the surgical arm is immobi-
lized per surgeon protocol. Often this is with a 
shoulder immobilizer, posterior 90-degree elbow 
orthosis, and, if the FFMT was also for combined 
finger flexion, a dorsal blocking orthosis with the 
finger metacarpal joints in 70° flexion 
(Fig.  39.26). Patients should perform passive 
range of motion to all appropriate joints when it 
is safe to do so. This includes the shoulder and 
elbow (within appropriate restrictions), fingers, 
and thumb carpometacarpal joint (CMC). The 
fingers need to be moved as a group as during 
surgery, the finger flexors were sutured together. 
When the incisions have healed, it is important 
that the patient begins deep soft tissue mobiliza-
tion over the anterior cubital fossa three to five 
times a day. This will minimize adhesions of the 
tendon and allow for better tendon gliding of the 
FFMT.

If ICNs are used for reinnervation, early neu-
romuscular reeducation begins shortly after sur-
gery and is similar to the above ICN to MCN 
neurotization with various breathing techniques 

Fig. 39.25 Surgical procedure for free muscle transfer 
for combined elbow and finger flexion with intercostal 
nerve transfer

Fig. 39.26 Shoulder immobilizer with posterior elbow 
orthosis and dorsal blocking orthosis
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and/or trunk flexion exercises. If the SAN nerve 
is used, the patient is advised to practice scapular 
retraction while palpating the biceps/repaired 
gracilis tendon for tension [25]. Often it takes 
6–9  months for early reinnervation to be noted 
clinically or through an EMG study, and further 
recovery is a long, slow process. When there is 
evidence of reinnervation (M1 strength) to the 
FFMT, it is important that the patient begins a 
concentrated program of neuromuscular reeduca-
tion under the supervision of a physical or occu-
pational therapist. Exercises will follow the 
progressive GE rehabilitation program on low 
friction surfaces with continued education in acti-
vation techniques for elbow flexion (Fig. 39.27). 
Initially it may be easiest to generate muscle 
power in a moderate amount of elbow flexion and 
gradually work toward less elbow flexion 
(reminder, patients should have a 30-degree 
elbow flexion contracture). Resistance can be 
added into GE exercises when the patient demon-
strates a functional arc of elbow flexion, and the 
program continues to progress as the patient 
gains muscle strength. See Tables 39.5 and 39.6 
for our protocols.

 Surgical Reconstructions that Fall 
Outside the Norm

At times, a patient may present to therapy follow-
ing an “uncommon” brachial plexus reconstruc-

tion surgery. Other muscles have been used for 
FFMT such as the rectus femoris and latissimus 
dorsi for elbow flexion with good outcomes [25]. 

Fig. 39.27 Gravity-eliminated elbow flexion with 
skateboard

Table 39.5 Free functioning muscle transfer for elbow 
flexion with intercostal nerve transfer

Goal Restore elbow flexion
Activation 
technique

Activate with pursed lip breathing, 
coughing, laughing, breathing in 
deeply, bearing down, trunk flexion

Permanent 
restrictions

No shoulder abduction, forward 
flexion, or external rotation with 
arm abducted greater than 90°
Do not straighten elbow beyond 
30° of flexion to create a mild 
elbow contracture

0–3 weeks after 
surgery

Shoulder immobilizer
Passive range of motion to fingers, 
thumb, wrist, and forearm

3 weeks after 
surgery

Discontinue shoulder immobilizer 
and change to a support sling
Evaluate for glenohumeral support
90° posterior long arm elbow 
orthosis
Begin passive range of motion for 
shoulder external rotation with the 
shoulder at 0° of shoulder 
abduction
Begin passive range of motion for 
elbow full flexion to 30° of 
extension
If pulley was created at antecubital 
fossa, place pressure on the 
antecubital fossa to prevent bow 
stringing during elbow passive 
range of motion
Continue range of motion to the 
fingers thumb, wrist, and forearm
Graded motor imagery
Perform breathing activation 
technique while visualizing elbow 
flexion
Spirometer for respiratory exercises
Actively perform breathing 
activation technique while 
passively flexing the elbow

6 weeks after 
surgery

Discontinue elbow orthosis and 
continue with a sling except for 
exercises
Initiate scapular mobilizations and 
continue with above ROM 
exercises

After EMG 
confirmation 
(typically 
6–9 months)

Start a gravity-eliminated 
strengthening program for elbow 
flexion neuromuscular reeducation
Begin biofeedback
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Rehabilitation would be very similar to a gracilis 
transfer once it is known what nerve(s) was used 
for the reinnervation. A branch of the medial pec-
toral nerve (MPN) can be used with a C5–C6 or 
C5–C7 brachial plexus injury and still preserve 
innervation to the pectoralis sternal head. 
However, drawbacks to using this nerve include 
its limited length and the nerve diameter differ-
ence with the MCN [22]. A branch of the thora-
codorsal nerve (TDN) can also be used for 
neurotization to the MCN due to its sufficient 
length. Both of these nerves can also be used for 
triceps reinnervation through the radial nerve 

[22]. As with other neuromuscular reeducation 
programs, it begins with understanding the ana-
tomical function of the donor muscle for proper 
activation of the target muscle. Some surgeries 
include reinnervation of the triceps (ICNs or 
SAN) to get added elbow stabilization with 
biceps restoration. Using the ICNs to reinnervate 
both biceps and triceps should be avoided [24]. 
Neuromuscular reeducation for both elbow flex-
ion and extension can get complicated, and the 
therapist should monitor the patient for co- 
contraction of both muscles during the desired 
elbow motion.

Table 39.6 Free functioning muscle transfer combined elbow flexion and finger flexion with intercostal nerve 
transfer

Goal Restore elbow flexion
Activation technique Activate with pursed lip breathing, coughing, laughing, breathing in deeply, bearing 

down trunk flexion
Permanent restrictions No shoulder abduction, forward flexion, or external rotation with arm abducted greater 

than 90°
Do not straighten elbow beyond 30° of flexion to create a mild elbow contracture

0–3 weeks after surgery Shoulder immobilizer with orthoses worn in the immobilizer
Forearm-based intrinsic plus orthosis; surgeons prefer this to be dorsal based
90° posterior elbow orthosis
Passive finger range of motion with the elbow at 90° of flexion
 Move digits as a group, concentrate on intrinsic plus position with MP flexion and IP 
extension
Passive elbow range of motion with support over the antecubital fossa to support the 
tendon transfer limiting elbow extension to 30°. Wrist and digits in flexion
Wrist and forearm range of motion with elbow at 90° of flexion
With elbow at approximately 90° of flexion, squeeze the forearm muscle bellies to 
assist in tendon pull through to the fingers

3 weeks after surgery Discontinue shoulder immobilizer and change to a support sling
Evaluate for glenohumeral support
Continue with elbow orthosis and dorsal blocking orthosis
Passive range of motion for shoulder external rotation while keeping the shoulder at 0° 
of shoulder abduction
Continue with the above 0–3 week exercises
Graded motor imagery
Perform breathing activation technique while visualizing elbow flexion and finger 
flexion
Spirometer for respiratory exercises
Actively perform activation breathing technique while passively flexing the elbow and 
fingers

6 weeks after surgery Discontinue elbow orthosis and continue with a sling except for exercises
Continue with forearm based orthosis for night wear
Initiate scapular mobilizations and continue with above ROM exercises

After EMG confirmation 
(typically 6–9 months)

Start a gravity-eliminated strengthening program for elbow flexion and finger flexion 
neuromuscular reeducation
Begin biofeedback
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 Other Rehabilitation 
Considerations

In addition to previously described neuromuscu-
lar reeducation techniques for treatment of nerve 
repair, various modalities have been encouraged. 
One of the most commonly suggested modalities 
is electrical stimulation (functional electrical 
stimulation or neuromuscular electrical stimula-
tion) following nerve injury. When working with 
denervated muscle, direct or galvanic stimulation 
is used to provide an external source of stimula-
tion to the muscles (Fig. 39.28). The hope is that 
this will prolong the time before the muscle suf-
fers irreversible changes due to denervation [2]. 
For electrical stimulation to be of most benefit, 
the parameters need to analogous to a muscle’s 
normal “firing pattern” which has been shown in 
some animal models using implanted electrodes. 
Trials have not confirmed the use of surface elec-
trodes for electrical stimulation [18]. However, 
there is little strong evidence in the literature that 
supports the use of direct current stimulation in 
humans [2, 18]. We have abandoned its use in our 
practice.

Single-channel or dual-channel biofeedback is 
another modality that is often recommended as 
part of a neuromuscular rehabilitation program. 
Biofeedback provides immediate feedback to the 

patient which helps them understand and learn 
new motor patterns. Sturma et  al. [26] reported 
surface EMG biofeedback can be used before any 
noted movements as this device can provide help-
ful feedback of muscular activity by converting 
myoelectrical activity into auditory and/or visual 
cuing. Most often though this modality is not 
used until the patient begins having positive mus-
cle reinnervation findings clinically or noted on 
EMG results, but it would be safe to begin much 
earlier. Surface electrodes are placed on the rein-
nervated muscle to give real-time information 
during muscle activation to increase muscle con-
traction. This tool can also be useful if an antago-
nistic muscle is overpowering the weaker, 
reinnervated muscle [18]. Here, the surface elec-
trodes would be placed over the antagonistic 
muscle, and the patient is educated to decrease 
muscle activation during the desired motion (e.g., 
overpowering triceps activity during elbow flex-
ion reeducation following an ulnar nerve fascicle 
to musculotaneous nerve for elbow flexion). 
Biofeedback is also a helpful tool if a patient is 
co-contracting muscles during initiation of move-
ment (Fig. 39.29). Early in the reeducation pro-
cess, patients may have trouble isolating the 
weaker reinnervated muscle and accidentally co-
contract the stronger antagonistic muscle. Dual-
channel biofeedback over both muscle groups 
provides immediate visual and auditory feedback 
assists in decreasing antagonistic muscle action 
while increasing focus to the reinnervated muscle 
[18]. When the patient can visualize and/or pal-

Fig. 39.28 Direct electrical stimulation Fig. 39.29 Biofeedback device
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pate their muscle contraction, they can use this 
option for frequent and useful feedback during 
exercise. Patients have reported learning how to 
control the reinnervated muscle and “switch off” 
the donor muscle to be very challenging [17]. 
Biofeedback can continue to be used in this later 
stage of rehabilitation to progressively separate 
activation of the reinnervated muscle with donor 
muscle activation [26].

Aqua therapy or pool-based exercises can be 
helpful in the rehabilitation process. The buoy-
ancy of the water can assist with shoulder flexion, 
shoulder abduction, and elbow flexion while the 
patient is using proper donor nerve activation 
techniques. The patient can also use gravity- 
eliminated positions for elbow flexion and shoul-
der external rotation with their affected arm on a 
swimming kickboard for neuromuscular reedu-
cation (Fig. 39.30). As the patient gains strength 
in the reinnervated muscle, they can use water for 
light resistance training.

Neuropathic pain management following sur-
gical reconstruction may be an ongoing concern. 
Unfortunately, this can limit a patient’s therapy 
tolerance and result in an overall negative out-
come [16]. It is important that the patient’s pain is 
managed by a multidisciplinary team approach, 
including a pain specialist, who can prescribe and 
monitor a correct medication regime [24]. Non- 

pharmaceutical treatment choices may include 
edema control if appropriate, sling use, transcuta-
neous electrical nerve stimulation, GMI, and 
relaxation/distraction techniques to name a few 
(see Chap. 15).

With technological advances, there have 
been newer therapeutic modalities available to 
use in rehabilitation. These include the usage of 
exoskeleton devices. These devices are wear-
able robotics that can control elbow flexion and 
extension and a three-point pinch [27]. 
Exoskeleton- type devices use bioelectric mus-
cle activation signals detected at the surface 
level. Once the electrodes detect the signal, a 
motor produces the desired joint motion [27, 
28]. These devices can use minimal muscle acti-
vation of a twitch to produce the desired motion. 
Collaboration with a prosthetist/orthotist is rec-
ommended. The therapist focuses on function 
and refining smooth motion, while the prosthe-
tist determines appropriate signal settings, plac-
ing the sensors in the optimal positions and 
refining the fit of the harness and exoskeleton. 
Once the patient can consistently and smoothly 
activate the exoskeleton, the therapist will con-
centrate on bilateral functional movements 
(Figs. 39.31 and 39.32). Exoskeletons may be a 
temporary, wearable device until the patient 
achieves the desired muscle strength or the 
device may be a lifelong wearable orthosis to 
assist in activities of daily living.

There are also advances in myoelectric pros-
thetics and surgical procedures using targeted 
muscle reinnervation to achieve increased upper 
extremity function. In a pan-plexal injury pat-
tern, if the patient can achieve grade 4 elbow 
flexion, there may be a role for an elective fore-
arm amputation and fitting of a myoelectric 
prosthesis to give the patient hand function. In 
our experience, we see the patient initially with 
the prosthetist and focus on bilateral functional 
movements (Figs. 39.33 and 39.34). Please see 
Chap. 16 for more information on the use of 
prosthetics.

Fig. 39.30 Aquatic therapy for gravity-eliminated elbow 
extension and flexion
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Fig. 39.31 MyoPro in 
extension and flexion

Fig. 39.32 MyoPro use with bilateral hand function: car-
rying a tray

Fig. 39.33 Myoelectric prosthetic after elective amputation

K. Jensen and S. Kannas



447

 Conclusion

Traumatic, adult brachial plexus injuries are dev-
astating and life changing. Therapy has a large role 
in the acute care phase to assist with range of 
motion, edema control, sling and/or orthotic use, 
pain management, one-handed ADLs, and address-
ing psychosocial concerns. Postoperatively, the 
rehabilitation and recovery will be a long, slow, 
challenging process. It is imperative to have an 
integrated team approach between the surgeon and 
the therapist, to guide the patient toward a success-
ful functional outcome.
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The subject is again brought forward because of the widely divergent opinions which 
prevail in different groups of the profession, as to the etiology, pathology, and especially 
the treatment in these cases. 

–Taylor 1920

 Clinical Description

Although the condition is frequently referred to 
as Erb-Duchenne paralysis or Erb’s palsy, other 
authors have described the occurrence of an 
obstetrical brachial plexus palsy earlier than 
Duchenne (1855) or Erb (1874) [3, 5]. There is a 
general consensus that the first description of a 
BPBI was provided by the obstetrician Smellie in 
1752 [3, 5–7] (Fig.  40.1). A spontaneously 
resolving paralysis of both arms was reported 
that lasted for several days. The cause was 
assumed to be prolonged compression which had 
occurred during tedious labor due to a face pre-
sentation [8].

In 1851, Danyau presented a case report of a 
primiparous woman delivering a 3225  g infant 
after 24 hours of labor [9]. It concerned a face 
presentation with the right occiput posterior and 
a difficult delivery. Forceps were used. The new-
born appeared dead for about half an hour but 

recovered slowly. Danyau examined the child at 
36 hours and found a partial left facial palsy and 
a left brachial plexus palsy where the forearm 
was pronated and the fingers semi-flexed. 
Apparently, some sensation was preserved, but 
there was no active movement. The side of the 
neck showed a mark from the forceps. The child 
died after 8 days, and an autopsy was performed, 
which revealed bleeding around the roots of the 
brachial plexus. The plexus itself was suffused 
with blood but distally appeared normal. Danyau 
concluded that the facial nerve palsy and the bra-
chial plexus palsy were both produced by com-
pression from the use of forceps.

Eventually in 1855, Duchenne described four 
cases as a distinct clinical entity. He described 
the typical clinical picture of a flaccid palsy in 
which abduction and external rotation of the arm 
were paralyzed, together with absent elbow flex-
ion and absent supination of the forearm [10] 
(Fig. 40.2). He discussed the association of bra-
chial plexus palsy with fractures and disloca-
tions, but he did not wish to speculate on the 
question of how the paralysis was produced.

Twenty years later, Erb described a similar 
pattern of paralysis in adults [11]. Using faradic 
stimulation in healthy subjects, he found a point on 
the skin of the supraclavicular region, about two 
fingerbreadths above the clavicle and about one 
fingerbreadth lateral to the  sternocleidomastoid 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69517-0_40&domain=pdf
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muscle, which evoked a response of all the mus-
cles found to be affected in this specific pattern 
of paralysis [11]. This point (now called Erb’s 
point) corresponds to the position of the junc-
tion of spinal nerves C5 and C6 to form the upper 
trunk. It was concluded, therefore, that the caus-
ative lesion in these patients was probably local-
ized at this point. Erb gave credit to Duchenne 
for the description of birth paralyses seen in new-
borns. Besides his adult cases, Erb described the 
case of an infant born after a difficult delivery 
with a flaccid upper extremity, and he felt that 
the version and extraction required in such a dif-
ficult delivery (the “Prague manipulation”) was 
the likely cause of the lesion.

Two clinicians reported on Horner syndrome 
in the clinical picture of BPBI.  Seeligmüller 
described a case of total obstetrical brachial 
plexus palsy [12]. This child was examined the 
day after a 12-hour labor at which time the ipsi-
lateral eye was noted “to be smaller.” Seeligmüller 
examined the patient himself at 6 months of age 
and noted ptosis and miosis and a smaller upper 
extremity, especially the forearm and hand. The 
fingers were held in a sweaty fist. Seeligmüller 
suggested that pupillary changes may have 
resulted from damage to the cervical sympathet-
ics from trauma or stroke.

 Cause of the Lesion

In his original publication, Danyau attributed the 
palsy to pressure on the nerves by the fingers of 
the obstetrician or alternatively by forceps during 
delivery. An alternative explanation was 

Fig. 40.1 Cover of the book that contains the first 
description by William Smellie

Fig. 40.2 Drawing by Duchenne of the typical clinical 
posture of the affected arm [10]
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 compression of the brachial plexus between the 
clavicle and the first rib.

To gain insight into the cause of the lesion, 
biomechanical experiments were performed with 
stillborn fetuses or infants who died shortly after 
birth. Fieux was one of the firsts who dissected an 
undisclosed number of cadavers of otherwise 
normal newborns and who also undertook experi-
ments in awake rabbits [13]. Forceps applied to 
the head of the newborn did not reach Erb’s point 
in the neck, and even in a small baby, the forceps 
could not close tightly enough around the head to 
apply pressure to the side of the neck. Fieux felt 
that the constant feature in all cases of obstetrical 
palsy was traction on the neck. He described the 
plexus as a cone with its base along the cervical 
spine and its apex in the axilla. With lateral trac-
tion on the head of his dissected specimens, the 
upper trunk of the brachial plexus came under 
tension while the lower trunk remained supple. 
He sectioned the five roots and found that the 
amount of spatial separation of the stumps with 
traction was much greater superiorly that 
inferiorly.

The New  York surgeon, Taylor, performed 
such experiments during 20 dissections of the 
brachial plexus in 10 infant cadavers within 
3–10 days after death and found that “only one 
thing caused stretching of the nerves, namely, 
increase in the distance from the neck and head to 
the shoulder.” He concluded that it was evident 
that such traction was the cause of the lesion. In 
addition, it was described that the fifth root was 
ruptured first and then the sixth “and so on down 
the plexus in regular order if the force used was 
sufficient.” The resulting nerve lesion stretched 
over a length of several centimeters [3]. Sever 
also claims to have performed “numerous dissec-
tions on infantile cadavers” in which he showed 
that traction and forcible separation of the head 
and shoulder puts the upper cords, the fifth and 
sixth cervical roots of the brachial plexus, “under 
dangerous tension (…) like violin strings.” 
Furthermore, he described that forcible abduc-
tion and elevation of the arm and shoulder 
stretched the lower cords of the plexus, some-
thing which could happen in cases of breech 
delivery, with the arms extended [5].

In the Dutch medical literature, experiments on 
17 stillborn babies were reported by a pediatric sur-
geon in 1927. The head was fixated, and increasing 
traction to the arm was performed in different 
directions with different force. The results support 
prior notions that an increase in the distance and 
angle between the cervical spine and shoulder gir-
dle leads to strain on the brachial plexus resulting 
in the typical lesion pattern of the upper roots of the 
brachial plexus [14]. Only with increasing traction 
the lower roots ruptured as well.

Histopathological samples from surgical cases 
have been described. Torn nerve fibers and hem-
orrhage in the perineurial sheath of the upper 
cords of the brachial plexus were observed [3]. 
This was later confirmed by other authors [15].

Apart from these stretch injuries of the post- 
ganglionic nerve and the resulting neuroma forma-
tion, avulsion of the nerve roots from the spinal cord 
was recognized as a specific pathophysiological 
mechanism. A case was described of bilateral palsy 
following a difficult breech delivery. The child died 
on the fifth day due to a cerebral hemorrhage, and at 
autopsy, the spinal nerves C5 and C6 were found to 
be avulsed and lying outside the dura [16].

All of the above studies concluded that trac-
tion to the nerves, leading to a stretch injury, 
could explain the observed clinical picture on 
BPBI.  This century-old description of the trac-
tion injury can still be considered to be accurate. 
In the late 1970s, biomechanical studies were 
again performed where the conclusions were 
similar to those described in the historical papers 
[17]. Currently, this pattern of injury is well rec-
ognized by nerve surgeons who treat such bra-
chial plexus lesions in infants as well as in adults.

Apart from the stretch to the nerves, further 
understanding of Horner’s syndrome was 
achieved by Klumpke [18]. She undertook canine 
experiments to determine the effect of avulsion or 
section at the intervertebral foramen of C8 and 
particularly of T1, which produced Horner’s sign, 
while more distal lesions did not. This experi-
mental observation was followed by some very 
well documented reports of total plexopathies 
with Horner’s sign, which led to an extensive and 
excellent discussion of the cervical sympathetics 
and Horner’s syndrome.
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 Emergence of Treatment by Nerve 
Surgery

In February 1903, Kennedy reported the first 
description of nerve surgery for a BPBI (the first 
operation had been performed in 1902 at Glasgow 
University) [2]. Two of his three cases were sur-
gically treated in early infancy (at 2 and 6 months 
of age); one case underwent delayed surgery at 
the age of 14 years. In this older case, the main 
indication for surgery was torticollis, but the bra-
chial plexus was also repaired during the opera-
tion. One year later, Kennedy extended his 
surgical series to five BPBI cases [19].

The surgical procedure is described in good 
detail, and the surgical findings were reported as 
cicatricial changes of the upper trunk. The 
lesioned upper trunk was resected, and the three 
distal divisions (suprascapular nerve, anterior 
division, and posterior division) were sutured 
with a central suture of “fine chromotized catgut” 
to the fifth and sixth nerve roots. Because the 
resection of the upper trunk resulted in a gap, the 
shoulder of the infant was pushed upward and the 
head tilted to the operated side in order to be able 
to suture the stumps together (Fig. 40.3).

Kennedy claimed that 4–8  months after sur-
gery the infants had fairly good use of their arm. 
Even the patient operated at the age of 14 showed 
improvement, although this was not apparent 
until 2 years after surgery [19] (Fig. 40.4).

In a multidisciplinary collaboration, Clark, a 
neurologist, Taylor, a surgeon, and Prout, a 
pathologist, described seven operated children in 
1905 [3]. The surgical technique applied was 
approximately the same as Kennedy’s, although 
the actual nerve repair used “lateral sutures of 
fine silk involving the nerve sheaths only.”

Despite the short operation times required by 
limited capabilities for prolonged anesthesia, 
limited illumination, and no surgical magnifica-
tion, both of these surgeons were able to identify 
the same findings which are observed today.

In Taylor’s patient group, mainly older chil-
dren (4 1/2 to 11 years) were operated: the three 
youngest were 8, 16, and 25  months. Of these 
three younger children, two died within days 
after the operation, resulting in a mortality rate of 

almost 30% in his total group. In a 1921 paper, 
Taylor describes having operated on 76 cases of 
obstetric palsy in total. In his last 25 patients (sur-
gically treated from 1914 to 1921), only 1 patient 
“died of hemorrhage on table,” and in 1 case, the 
surgery was stopped because of hemorrhage [16].

One of the difficulties was “to determine (…) 
whether the lesion will be likely to be spontane-
ously recovered from or not. In some cases recov-
ery takes place completely, although at birth all 
the typical signs are exhibited, and it is therefore 
necessary to wait a reasonable time in all cases 
before recommending operation” [19]. At that 
time, electrical muscle testing was already 
employed to determine prognosis: “If (…) after 
two months no responses can be got in the mus-
cles with the faradic current, (…) it is safer to 
proceed with the operation than to put off further 
time in the hope that recovery will eventually be 
the result” [2]. This view was shared by Sherren 
in his 310-page monograph on nerve lesions: 
“Spontaneous recovery has taken place in about 

Fig. 40.3 Postoperative splint [16]. Note the abduction 
of the arm and lateral flexion of the head to the operated 
side which is necessary for a direct nerve suture
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70 per cent of the cases that have come under my 
observation. In many the paralysis had com-
pletely disappeared by the time the child was 
brought to have its electrical reactions tested at 
the age of three months. Complete spontaneous 
recovery rarely takes place if no improvement is 
noticed by this date” [20].

Both Kennedy and Clark employed direct 
suture of the nerve ends after resection of the 

neuromatous tissue. The nerve ends were posi-
tioned next to each other by means of external 
manipulation (Fig. 40.5).

It is still a matter of debate whether a neuror-
rhaphy under such tension indeed resulted in 
good recovery. The current golden standard  – 
using autologous nerve grafts to bridge the 
defect – was not commonly used in those days, 
although judging from publications the technique 

a

c d

b

Fig. 40.4 Historic photographs of results from Kennedy [2, 19]. (a) Preoperative; (b) 9 months postoperative; (c, d) 
2 years postoperative

40 Historical Perspectives



456

did seem to be known [21, 22]. Apparently nerve 
transplantation had already been applied in 1876 
using a piece of nerve from an amputated limb. 
Also a dog’s sciatic nerve had been sutured in 
place of a nerve defect. The results of nerve trans-
plantation were poor, and so nerve grafting was 
not widely applied in clinical practice.

Other reported surgical techniques include 
nerve transfer (which was then alternatively 
named nerve crossing), fascicular transfer, and 
end-to-side repair [21]. All surgical techniques 
which one might consider to be new and mod-
ern were apparently already known one cen-
tury ago.

The first report, for instance, of end-to-side 
nerve repair of the brachial plexus in adults 
appeared in 1903 [23], describing that surgical 
repair might “be effected by dividing the para-
lysed fifth cervical root and suturing its distal 
end into a neighbouring healthy root, the sixth 
or seventh.” To what extent this end-to-side 
repair yielded any clinical result was not 
reported. Kennedy was apparently aware of this 
end-to- side technique but did not use it in BPBI 
infants: “I should hesitate to implant the ends 
into one of the neighbouring nerves in this 
region, on account of the importance of the only 
nerves into which the implantation could be 
made with prospects of success; for, in the event 
of failure, the result might be that additional 
muscles would participate in the paralysis” [2].

Also, transfer of the accessory nerve to the 
brachial plexus was already described by Harvey 

Cushing. “In the upper part of the cord the fifth 
cervical segment was particularly the seat of 
injury, the deltoids being absolutely, and the 
biceps and supinator muscles in large measure 
paralyzed. The spinal accessory has been sacri-
ficed and transplanted into the upper radicle of 
the brachial plexus” [24].

The main shortcoming of all surgical papers 
dating from the early twentieth century is the lack 
of substantial patient series that were accurately 
documented postoperatively. In the absence of 
such information, it is not clear exactly what the 
results of these surgical treatments were.

 Nerve Surgery for BPBI Declines

In 1916, orthopedic surgeon Sever abandoned 
nerve surgery in a paper in which he presented 
471 conservatively treated patients [25]. On the 
basis of this personal series (which had grown to 
617 in 1920 and to 1100 in 1925), he concludes 
“In regard to the operation on the plexus in the 
usual upper arm type of case, it might be said that 
in the experience of this clinic it has not been 
found necessary. (…) it cannot be too strongly 
emphasized that no operation on the plexus will 
be of any great use in restoring functional activity 
to the arm” [5].

Sever was also pessimistic about nerve sur-
gical treatment of total lesions, usually consist-
ing of the avulsion of multiple lower roots 
from the spinal cord. He recognized that “the 
outlook is not so good, although many of the 
patients regain use of the upper arm in spite of 
the persistent paralysis of the lower arm and 
hand.” Despite the poor prognosis of spontane-
ous recovery, nerve surgery did not improve 
the outlook: “it has been done a number of 
times without any benefit. The plexus in all 
cases was found to be so badly torn and so 
bound down and invaded by scar tissue that any 
kind of repair was impossible.”

Other authors shared this pessimistic view of 
the results of nerve repair. “There has been no 
case yet (…) which has shown an anatomic and 

V

VI

VII

Fig. 40.5 Drawing from a surgical procedure by Taylor [3]
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physiologic cure from the plexus operation. 
Even marked improvement is usually lacking. 
(…) Many times the nerve is so badly damaged 
that it is beyond repair” [26]. Also neurosur-
geon Sharpe remarks that “there is not one case 
of complete recovery of function” in his series 
of 146 patients [4].

These conclusions are, however, not illus-
trated by descriptions of the neurological result 
in patient series which makes it difficult to 
judge the true results of the nerve surgery, but 
these were, most probably, poor. It is, there-
fore, understandable that the voices of the ini-
tial enthusiasts simply became weaker and the 
voices of the opponents of nerve surgery 
became stronger.

Instead of repair of the nerve lesion, Sever 
and Jepson advised treating the sequelae of 
BPBI patients by orthopedic surgery. Sever rec-
ommended performing muscle and tendon 
transfers for improvement of shoulder function, 
together with release of restricted shoulder 
mobility [25]. Jepson favored a rotation osteot-
omy to restore functional use of the limb [26]. 
The results of these surgical strategies were said 
to be superior to nerve repair. Modifications of 
these secondary procedures are still performed 
today [27].

Another factor which may have led to the 
decline of nerve surgery was the associated mor-
tality. In those days, ether was used for general 
anesthesia. In the early series of Taylor, a mortal-
ity rate of 2/7 (almost 30%) was reported [3]. 
Other surgical series do not report such high mor-
tality rates, but there must have been a certain 
degree of mortality resulting from surgery in 
such young infants.

Nerve surgery gradually lost popularity. 
“Taylor, who has had a considerable experience 
of operations directed to the damaged nerves, 
now (1938) prefers to wait as long as any 
improvement is taking place” [28]. Finally, nerve 
surgery for obstetrical lesions was abandoned for 
a considerable period.

Fifty years later, peripheral nerve surgery 
of lesions in adults was renewed by introduc-

ing technical improvements including the 
introduction of the operating microscope [29], 
better surgical techniques, improved suture 
material, and in particular the emergence of 
the use of autologous nerve grafts [30]. These 
advances, along with the improved safety of 
anesthesia, made nerve surgery for infants as 
advocated in 1980 by Alain Gilbert [31] a 
reality once again.

 Summary

At the beginning of the twentieth century, nerve 
surgery for BPBI was performed for the first 
time, gaining popularity in the subsequent two 
decades. The origins of the lesion were investi-
gated and discussed thoroughly. It was recog-
nized that the majority of infants demonstrated 
spontaneous recovery but that for a small num-
ber surgery might be warranted. Additionally, in 
those patients with a total lesion of the brachial 
plexus, spontaneous recovery of hand function 
was known to be poor. The indications for sur-
gery were based on clinical grounds, sometimes 
together with the results of cutaneous electrical 
stimulation.

Despite limited illumination, very short oper-
ating times, and limitations of anesthesia, these 
pioneer surgeons were able to deliver an accurate 
report of the pathology which corresponds to cur-
rent surgical findings.

Although some papers from that early era sys-
tematically summarize cases and the results of 
surgery, these series lacked valid outcome mea-
sures to compare surgical therapy to other treat-
ments or to the outcome of spontaneous recovery. 
The advocates in favor of surgical treatment, as 
well as the opponents of surgery, only reported 
the numbers of patients in order to gain authority 
as experts. Unfortunately, the detailed results of 
their treatment were never published. Surgery 
was abandoned because its usefulness could not 
be demonstrated, because of the reported mortal-
ity, and because alternatives such as secondary 
surgery became available.
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Brachial Plexus Birth Injury: 
Mechanism of Injury

Agnes Z. Dardas and Apurva S. Shah

 Introduction

Brachial plexus birth injury presents at a rate of 
0.4–4.6 per 1000 births worldwide [1–7]. The 
prevailing theory regarding mechanism of injury 
posits the role of mechanical traction to the bra-
chial plexus during birth as a result of the widen-
ing of the space between an infant’s neck and 
shoulder. Multiple factors  – related to maternal 
factors and intrauterine environment, fetal anat-
omy and physiology, and delivery technique – are 
associated with brachial plexus birth injury and 
are thought to contribute to increased mechanical 
traction on the brachial plexus or decreased resis-
tance of the surrounding tissues that allow for 
increased force transmission on the brachial 
plexus. However, despite these identified risk 
factors, up to 55% of births presenting with this 
condition do not share any identifiable risks [1, 8] 
and present in the setting of normal birth weights 
and atraumatic deliveries [9]. The majority of US 
data, however, stems from the Kids Inpatient 
Database, which does not include all identifiable 
factors. International studies and results from 

other specialties have also typically focused on 
only a subset of factors. To what degree other as- 
yet identified factors have not been accounted for 
remains unknown. Nevertheless the opportunity 
for comprehensive, high-quality studies remains 
in order to determine the etiology of this multi-
factorial disease and implement preventative 
measures. The remainder of this chapter will 
focus on the factors that have been published to 
date and how they are thought to contribute.

 Maternal Factors

Gestational diabetes has been among the most 
common and earliest-published maternal factors 
associated with brachial plexus birth injury in the 
literature [10–13]. While the odds ratio of a 
mother with gestational diabetes delivering an 
infant with a brachial plexus birth palsy has been 
reported to range from 1.9 to 4.46, the true odds 
ratio may be underestimated as the available data 
stems from a state database [10, 11]. Furthermore, 
it is not a factor included in the national Kids’ 
Inpatient Database of which several US studies 
have drawn heavily from [1]. Mechanistically, it 
contributes to increased fetal birth weight and 
macrosomia, both of which are explored further 
below as fetal factors associated with brachial 
plexus birth palsy [14].

Little is known regarding contributing envi-
ronmental factors of mothers with children with 
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brachial plexus birth injury. Indeed, only one 
recent study has examined their demographics 
and found that in one of the US state registries, 
mothers that identified as Asian, Black, or 
Hispanic and, separately, mothers with Medicaid 
were associated with increased risk of having a 
child with brachial plexus birth injury [10]. 
Gestational diabetes may be an underlying con-
founding factor explaining this as in the same 
study, mothers who were non-Caucasian or on 
Medicaid had nearly twice the percentage of ges-
tational diabetes than their Caucasian or non- 
Medicaid counterparts [10].

 Intrauterine Factors

Local intrauterine environmental factors during 
pregnancy and prior to labor have also been theo-
rized to contribute to brachial plexus birth palsy. 
Fibroids, presence of a bicornuate uterus, and any 
other similar chronic compressive scenarios 
could result in direct pressure to the brachial 
plexus over a period of time or acute malposition-
ing such as posterior shoulder impaction against 
the sacral promontory during a natural birth 
[15–20].

Multiple births, on the other hand, have pre-
sented with conflicting data findings. While sev-
eral studies present multiple births as a protective 
mechanism, all three recent prominent ones have 
used the same US database to present their find-
ings [1, 2, 8]. In a study that used a Colorado state-
specific database, however, multiple births were 
found to be associated with higher odds ratios of 
brachial plexus birth injury when compared to 
natural single-infant births [10]. The true answer 
is likely an interaction of factors that can be hard 
to delineate from just retrospective reviews of the 
medical record and large databases.

The metabolic environment of the uterus may 
also play a previously undetected role in this dis-
ease. In comparing infants with brachial plexus 
birth palsy with and without shoulder dystocia, 
Gurewitsch et al. found that infants afflicted with 
the disorder without a record of shoulder dysto-
cia were more likely to be of average weight and 
experiencing metabolic acidosis (pH  <  7.1) at 

birth than those with shoulder dystocia [21]. 
Similarly, recent research using the Kids’ 
Inpatient Database has introduced birth hypoxia 
as a possible factor [1]. Hypoxia may result in 
decreased muscle tone and dampened reflex arcs, 
which may prevent infants from limiting the 
amount of shoulder displacement through the 
birth canal [1]. This may explain why fetal 
asphyxia has been found to be a risk factor for 
permanent injury, but not transient brachial 
plexus birth palsy [22].

Another controversial mechanism of brachial 
plexus birth injury describes unilateral prolonged 
ischemia to the brachial plexus stemming from 
placental insufficiency. This theory was proposed 
after studying the history of Kaiser Wilhelm 
whose mother, Princess Royal Victoria, suffered 
a severe fall during her fourth month of preg-
nancy. While no birth weight was recorded, it has 
been reported that Queen Victoria’s personal 
physician, who had overseen the birth of her 
grandson, later on reported to the Queen that 
Kaiser Wilhelm was thin at birth and not as large 
as the Queen’s own children, perhaps implicating 
intrauterine growth restriction [23, 24]. 
Combining this fact along with the mother’s pre-
natal fall and mathematical modeling of the 
effects of placental insufficiency on blood shunt-
ing in a fetus, it has been hypothesized that 
Wilhelm’s permanent brachial plexus birth injury 
was due to antenatal ischemia and not his breech 
positioning during delivery as originally thought 
[24]. This theory remains controversial, as at 
least one other study has identified growth restric-
tion to be a protective factor [11].

 Fetal Factors

The most commonly studied fetal risk factor for 
brachial plexus injury relates to macrosomia or 
large birth weight [2, 3, 6–8, 12, 13, 25]. While 
there is no specific identified threshold at which 
the risk of brachial plexus birth injury dramati-
cally increases, the most conservative studies 
have identified birth weights starting at 4000 g or 
90th percentile to be associated with increased 
risk [3, 7, 12]. Indeed, infants heavier than 4500 g 

A. Z. Dardas and A. S. Shah



461

have been reported to be 14–45 times greater risk 
of being born with brachial plexus birth injury, 
especially compared to infants less than 3500 g 
[2, 6]. It is unclear whether birth weight corre-
lates to the severity of the injury as one study 
reported. In neurosurgically treated conditions, 
as birth weight increased 1 kg, the odds of a more 
severe nerve injury identified during surgery 
increased by 2.7 [25]. However, another study 
that assessed all brachial plexus injuries, both 
operative and non-operatively treated, found no 
correlation between birth weight and level of 
impairment [6].

Fetal hypotonia has also been identified as a 
risk factor in a single study [8], possibly due to 
dampened reflex arcs allowing excessive unilat-
eral traction on the plexus without protective 
fetal muscle tone to counteract it. Fetal hypotonia 
and intra-uterine hypoxia, however, have yet to 
be assessed as possible confounding factors for 
one another.

In addition, exostosis of the first rib that could 
cause either compression or stretch on the plexus 
has only been reported once as a cause of bra-
chial plexus palsy [26]. Last but not least, bra-
chial plexus palsy may have a genetic mechanism 
in a subset of cases. To date, three familial cases 
have been reported, with each family having two 
to eight affected members [27, 28].

 Labor-Related Factors

The largest body of literature on this subject 
examines labor-related factors associated with 
brachial plexus birth injury with the highest-risk 
factor identified as shoulder dystocia [1–3, 8, 10, 
12, 29]. Infants whose labor is complicated by 
shoulder dystocia are 76.1–100 times greater risk 
of being identified with a brachial plexus injury 
[2, 11]. Shoulder dystocia, however, has not been 
recorded as a significant labor event in 45–83% 
of studied cohorts [2, 9, 29], indicating that while 
a common mechanism, there may be several 
other factors contributing to this pathology.

Cephalopelvic disproportion may be a broader 
category that better encompasses size mismatch 
between the fetus and the birth canal, contribut-

ing to shoulder dystocia or other malpositioning 
associated with brachial plexus birth injury. 
Current predictive value using MR pelvimetry, 
however, is limited as the ratio of fetal head vol-
ume to soft tissue head volume identifies preg-
nancies at the greatest risk of shoulder dystocia 
but cannot accurately determine pregnancies 
requiring C-section or labor outcomes [30, 31].

Indeed, the etiology of brachial plexus birth 
palsy at time of delivery likely extends beyond 
the physical compression of the fetus during labor 
to include other vectors of force acting upon the 
fetus to propel it forward in the canal. Historically, 
iatrogenic force used during labor was commonly 
thought to contribute to mechanical traction on 
the brachial plexus resulting in neurapraxia [2, 
7, 8, 10, 11]. In certain databases, instrumented 
forceps and/or vacuum extractor use have been 
associated with an odds ratio of 2.7–9 times more 
likely to be associated with infants with brachial 
plexus birth injury [2, 11, 22]. In another study 
assessing labors where uninstrumented manual 
assistance was necessary during the second stage 
of labor, force applied with downward traction of 
the head was the only independent risk factor of 
brachial plexus birth palsy [32]. To prevent this 
possible cause, several professional societies 
throughout the world have shared labor delivery 
guidelines discouraging the use of excessive fetal 
head traction, fundal pressure, or inverse rotation 
of the fetal head [33]. In turn, the same societ-
ies recommend offering C-section for estimated 
birth weights >4500  g for diabetic pregnancies 
and >5000 g for non- diabetic pregnancies, labor 
induction for pregnancies >39  weeks at risk 
of fetal macrosomia, and using the McRoberts 
maneuver with provider proficiency in two or 
more additional manual maneuvers such as 
Wood’s maneuver or delivery of the posterior 
arm [33, 34]. Despite these recommendations, 
labor induction has not been shown to alter the 
incidence of shoulder dystocia in non-diabetic 
patients [35], and the incidence of brachial plexus 
birth injury has persisted despite a large propor-
tional increase in C-sections over time [9].

Intrauterine forces during delivery may con-
tribute to some of this discrepancy, resulting in 
four to nine times greater force than clinician- 
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applied traction to the fetal head [36]. Forceful 
contractions may explain the paradoxical associ-
ation of brachial plexus birth injuries with pro-
longed extraction times or active phases, or 
precipitous, breech, or otherwise natural, uncom-
plicated deliveries [7, 10, 12, 37, 38]. The theory 
of endogenous forces as a contributing mecha-
nism is further supported by studies demonstrat-
ing an association of brachial plexus birth injuries 
with oxytocin administration or tachysystole 
occurrence [39].

Lastly, while clavicle fractures were initially 
posited as a protective factor dissipating labor- 
related forces due to their higher frequency in 
transient palsies compared to permanent plexop-
athies [22, 40], other subsequent studies have 
demonstrated no difference in outcomes when a 
clavicle fracture is present [41, 42].

 Early Postnatal Brachial Plexus 
Injury Mechanisms

While this section focuses primarily on brachial 
plexus birth injury, the predominant pediatric 
presentation of this pathology, other less- common 
causes in the perinatal period have been described. 
Iatrogenic causes include hyperabduction during 
a prolonged intervention such as a thoracotomy 
and excessive traction from Pavlik harness straps 
[43, 44].

In rare cases, the initial physical exam find-
ings of an oncologic condition or infection may 
be brachial plexus birth injury due to compres-
sive, infiltrative, or metabolic interactions with 
the brachial plexus. For instance, in one case 
report, a malignant rhabdoid tumor of the bra-
chial plexus initially presented as a progressive 
palsy over the first few days of life before a hard 
palpable supraclavicular mass was recognized 
[45]. Cervical infantile myofibromatosis has also 
presented in a similar fashion [46]. In two other 
cases, a patient with diffuse hemangiomatosis 
and another with an isolated hemangioma pre-
sented with brachial plexus palsy at birth and in 
the first 5 days of life, respectively [47, 48]. The 
case of the isolated hemangioma was treated with 
intravenous corticosteroid therapy with resolu-

tion in size and symptoms within 5 days of treat-
ment [48]. The other case, however, experienced 
persistent symptoms, perhaps indicating an irre-
versible ischemic injury to those peripheral 
nerves [47]. Several case reports also write about 
brachial plexus palsy as a presenting symptom of 
otherwise asymptomatic humeral or vertebral 
osteomyelitis [49–52]. Ischemic plexus neuropa-
thy resulting from thrombophlebitis of the vasa 
nervorum or arterial embolism has been hypoth-
esized as a possible mechanism [52]. Brachial 
plexopathy has been differentiated from pseudo-
paralysis from pain due to the absence of deep 
tendon reflexes and/or significant electromyo-
graphic findings [39–52].
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 Introduction

Any traumatic event in a child can have deleteri-
ous effects on the development of affected organ 
systems. The occurrence of a brachial plexus birth 
injury (BPBI) in the perinatal period impacts many 
aspects of the developing neuromusculoskeletal 
system, in some ways that are similar to the effects 
of peripheral nerve injuries in adults and in some 
ways that are quite different. Optimizing the diag-
nosis, treatment, and prognosis of brachial plexus 
birth injuries requires an understanding of the 
developmental setting and biological effects of 
BPBI. A detailed review of nerve, muscle, bone, 
and general developmental biology is beyond the 
scope of this chapter. Instead, the current chapter 
will explore the basic principles and relevant 
advances in our understanding of the biology of 
BPBI, highlighting where such knowledge has the 
potential to impact clinical decision-making and to 
advance care in the future. Much of our knowledge 
comes from animal models of neonatal nerve 
injury, but the clinical correlations and relevance 
of findings from these models will be discussed 
throughout the chapter.

 The Neonatal Nervous System

At full-term birth, the human neuromuscular 
system is far from fully developed (Fig. 42.1). 
In contrast to other mammals who can stand and 
ambulate immediately at birth, human motor 
control is quite primitive in infancy. Several 
features of human neurodevelopment are con-
sistent with other neotenous animals (those 
with an extended juvenile period following 
birth), including other primates and rodents, in 
which much of the research on postnatal neu-
romuscular development has been performed. 
Many of these features of the incompletely 
developed state of the human nervous system 
are pertinent to the evaluation and treatment of 
a child with BPBI. For instance, in such chil-
dren, when assessing the degree and recovery 
of the nerve injury, the primary neurologic 
output assessed by the provider is limb move-
ment. However, limb movement is affected by 
many more factors than the structural integrity 
of the nerves of the brachial plexus. Therefore, 
aside from the biological effects of the injury 
on muscles, bones, and joints, the biology of 
the normal maturing nervous system must be 
considered when interpreting limb movement 
in an infant with BPBI. The following sections 
will therefore cover the developmental dynam-
ics of several key features of the neonatal ner-
vous system.
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 Synaptogenesis

Coordinated movement and integration of sen-
sory input both require cortical and subcortical 
synaptic connections in the brain. Many or most 
of these synaptic connections are formed postna-
tally in many areas of the cerebral cortex, includ-
ing the sensory and motor cortices [1, 2]. These 
synapses are formed in response to stimuli and 
motor learning, both of which are impaired by 
injury to peripheral mixed motor and sensory 
nerves. Early experiments in kittens demon-
strated that suturing one eyelid closed at birth 

leads to complete loss of that eye’s cortical repre-
sentation in the visual cortex and that this loss of 
cortical representation is permanent even when 
the eye is allowed to open at 3 months [3]. This 
work, which in part earned David Hubel and 
Torsten Wiesel a Nobel Prize in Physiology or 
Medicine, highlights the importance of the inter-
action between the environment and the develop-
ing brain during a critical neonatal window. 
Similar deprivation experiments have also dem-
onstrated the need for stimulation of many other 
areas of the brain for proper synaptogenesis dur-
ing postnatal development [4].

a

c

b

Fig. 42.1 Different species of mammals are born at dif-
ferent stages of neuromuscular development. (a) Horses 
are born with a fully myelinated nervous system and 
mature neuromuscular control, allowing ambulation 
immediately at birth. (b) Humans are born with incom-
plete myelination, synaptogenesis, and many other aspects 

of neuromuscular development and lack even head control 
at birth. (c) Mice and rats are similarly born with imma-
ture neuromuscular systems and cannot ambulate or even 
see at birth. Thus mice are well suited for models of neo-
natal nerve injury such as BPBI, shown here. (Photo cred-
its: (a, b) Pixabay. (c) Courtesy of Roger Cornwall, MD)
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 Redundant Innervation

During the same neonatal time period, despite 
relatively few early synapses, the number of neu-
rons and axons in the central and peripheral ner-
vous system is manyfold greater than in the 
mature nervous system. These axons get system-
atically pruned by neuronal apoptosis as the ner-
vous system matures [5]. For instance, in rhesus 
monkeys, approximately 70% of axons in the 
corpus callosum are lost in the first few months of 
life [6]. Similarly, in the peripheral nervous sys-
tem in rats and humans, skeletal muscle receives 
innervation from multiple sources at birth, which 
then become pruned to leave mononeuronal 
innervation of skeletal muscles in the mature ner-
vous system [7–9] (Fig.  42.2a, b). During the 
neonatal period then, any given muscle can 
receive innervation from multiple neuronal 
sources, so that the activity of one muscle cannot 
be assumed to represent the function or continu-
ity of the typical nerve pathway innervating that 
muscle in the adult. This “luxury innervation” 
has been cited as a primary reason that electro-
myography cannot be reliably used in BPBI to 
determine a particular nerve root’s status based 
on the electrical activity of a particular muscle 
[10]. Furthermore, recruitment of this redundant 
innervation is assumed to be a cause of agonist/
antagonist co-contraction, which is often seen at 
the elbow in partially resolved BPBI [11]. In the 
absence of C6 integrity, the elbow flexors can 
recruit redundant innervation from C7 or lower 
nerve roots, leading to simultaneous firing of the 
elbow flexors and triceps muscles [10].

 Myelination

Complex coordinated movement requires rapid 
transmission of neurologic impulses and thus 
myelination of the axons in the central and 
peripheral nervous system. Horses have fully 
myelinated nervous systems at the end of gesta-
tion, allowing ambulation immediately at birth 
[12]. Conversely, in many rodents and in humans, 
although the process of myelination begins in the 
third trimester of development, the majority of 

the process takes place postnatally, well into the 
third decade of life in humans [13]. Myelination, 
like synaptogenesis, is activity dependent. Glial 
cells in the central nervous system and Schwann 
cells in the peripheral nervous system both 
respond to electrical impulses [13], although the 
mechanisms of electrical control of myelination 
are not fully elucidated. Furthermore, a wide 
variety of perturbations of the environment, from 
physical to social, affect the degree of myelina-
tion in the brain and spinal cord, much like syn-
aptogenesis is modulated by early postnatal 
experience [13].

 Primitive Reflexes

Normal human infants display several primitive 
reflexes that diminish with normal development. 
The provider caring for infants with brachial 
plexus birth injuries should already be familiar 
with at least a subset of these reflexes. In the neu-
rological examination of the upper extremity, the 
grasp reflex can be used to elicit finger flexion, the 
Moro reflex can be used to elicit shoulder abduc-
tion and external rotation, and the asymmetrical 
tonic neck reflex (ATNR) can be used to elicit 
elbow flexion on the side away from which the 
head is turned. However, one must keep in mind 
the varied implications of abnormal primitive 
reflexes. In the first 6 months of life, the unmy-
elinated spinal cord is unable to suppress the 
reflex arc, leading to easy stimulation of the reflex. 
Subsequently, as the central nervous system 
matures, descending inhibition of the reflex arc 
through interneurons will lead to disappearance 
of the primitive reflexes [14]. However, persis-
tence of certain primitive reflexes beyond 
6 months of age can indicate central nervous sys-
tem pathology or lack of normal descending inhi-
bition [14]. This mechanism is also responsible 
for the spasticity of cerebral palsy (CP) only 
becoming evident after roughly 6 months of age. 
It is not uncommon for a provider to see asym-
metric limb movement or posturing that began at 
6 months of age and refer the child for evaluation 
for a brachial plexus injury. That scenario is much 
more typical for CP, and not BPBI. Conversely, 
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diminished primitive reflexes in the first 6 months 
of life are also associated with central nervous 
system dysfunction and can be a very early sign of 
cerebral palsy [14]. Therefore, in the examination 
of a newborn with altered limb movement, the 
failure of a primitive reflex maneuver to elicit the 

expected movement in a limb is not always indic-
ative of a peripheral nervous system lesion such 
as a BPBI. A central nervous system lesion can 
mimic a peripheral nervous system lesion in this 
way, which is especially important as BPBI and 
anoxic brain injury can coexist.

NORMAL MATURATION

Biceps Muscle

MCN

C5

C6
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b

Fig. 42.2 In newborn humans and rodents, skeletal mus-
cles receive polyneuronal innervation (a), which gets 
pruned to mononeuronal inputs postnatally (b). (c) 
Neonatal peripheral nerve injury causes persistence of the 

uninjured redundant innervation, as well as loss of neu-
rons in the spinal cord corresponding to the injured nerve 
(d). (Adapted with permission from Korak et al. [28])
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 Effects of BPBI on the Developing 
Neuromusculoskeletal System

The primary insult in BPBI is an injury to the 
nerves of the brachial plexus, most typically at 
the nerve root level. The injury may be postgan-
glionic, preganglionic, or a combination of both. 
The degree of nerve injury can range from neuro-
praxia to axonotmesis to rupture or avulsion. The 
distribution of the injury can range from upper 
(C5–C6) to global (C5–T1) plexus involvement. 
However, regardless of the type of injury, if the 
duration of paralysis extends beyond the very 
first few weeks of life, a cascade of secondary 
events occurs throughout the various organ sys-
tems affected. Many of these effects are unique 
to, or exaggerated in, injuries in the neonatal 
period as compared to adult or even later child-
hood injuries. Furthermore, many of these sec-
ondary effects are permanent, despite restoration 
of neurologic connectivity, either by spontaneous 
recovery or surgical reconstruction, and whether 
by bridging or bypassing the zone of nerve injury. 
It has long been thought that most if not all of 
these secondary effects were the passive mechan-
ical results of altered limb mobility. However, a 
growing body of evidence now confirms that 
BPBI causes widespread biological perturbations 
in the brain, spinal cord, peripheral nerves, mus-
cles, and bones, all of which contribute to the dis-
ability caused by BPBI. This paradigm shift from 
a mechanical to biological realm has opened the 
door to novel biological strategies to augment our 
treatment of BPBI.  The following sections will 
review, by organ system, these biological effects 
and the opportunities they afford for improve-
ments in the care of BPBI.

 Peripheral Nerve

The most obvious structure involved in BPBI is 
the nerve itself. Much of the physiology of nerve 
injuries has been reviewed in prior chapters. This 
section, therefore, will focus primarily on the dif-
ferences in nerve biology following nerve inju-

ries in the neonatal period compared to later 
nerve injuries. These differences are strikingly 
distinct when considering the nerve distal to the 
injury and the nerve proximal to the injury. Distal 
to a peripheral axotomy, the nerve undergoes the 
well-known process of Wallerian degeneration, 
with degradation of the axon and myelin sheath 
and denervation of the motor endplate in the case 
of a motor nerve injury [15]. This process begins 
nearly immediately following axotomy and pro-
gresses rapidly thereafter. In an adult mouse 
model of tibial nerve transection, 89% of motor 
endplates are denervated, meaning no axons 
remain present at the neuromuscular junction, 
within 24  hours following nerve section [16]. 
Conversely, 24 hours following the same injury 
in neonatal mice, 86% of motor endplates still 
remain innervated. This finding suggests that 
Wallerian degeneration progresses more slowly 
in the neonatal period. The mechanisms confer-
ring this protective effect of neonatal biology 
remain to be elucidated, although recent evidence 
suggests a role for mitochondrial metabolism 
[17]. It also remains unknown how long a distal 
axon may survive following neonatal axotomy in 
humans, but this biological observation in animal 
models may in part explain the ability to electri-
cally stimulate a nonfunctional muscle upon 
exposure of the recipient nerve for nerve trans-
fers following BPBI. Knowing that a distal axon 
downstream from a completely ruptured nerve 
may survive longer than expected following 
BPBI could help with the decision to reinner-
vated a nonfunctional muscle despite the ability 
to stimulate its nerve intraoperatively.

Substantial biological changes also occur 
proximal to a peripheral axotomy, with dramatic 
differences between neonates and adults. In this 
direction, however, neonates appear uniquely 
susceptible to the deleterious effects of peripheral 
nerve injury. Peripheral axotomy in neonatal 
 animal models causes death of approximately 
half the motor neurons in the spinal cord at the 
relevant level, while nearly no motor neuron cell 
death follows adult peripheral axotomy [18, 19]. 
Nerve root avulsion causes death of 70% of 
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motor neurons in neonates, and although similar 
losses of motor neurons are seen following adult 
nerve root avulsion, the neuron loss happens 
three times faster in neonates than in adults [19]. 
These findings suggest that neonatal motor neu-
rons are uniquely dependent on connections to 
their target muscles for survival. This process is 
thought to involve neurotrophic factors from the 
target muscles, for which motor neurons compete 
for survival. This competition is also thought to 
underlie the normal developmental pruning of 
neurons from the redundant innervation described 
previously [20]. Similarly, afferent neurons 
undergo similar apoptosis in the dorsal root gan-
glion following peripheral axotomy [21, 22]. 
These effects are not simply localized to the neu-
ron corresponding to the cut axon, but rather also 
involve contralateral spinal cord neurons [23] as 
well as interneurons [24], suggesting complex 
interactions between neurons and their targets. 
The biology of these interactions is not com-
pletely known but likely involves apoptosis 
induced by excitotoxicity [23]. Nonetheless, pre-
vention of neuronal cell death following periph-
eral nerve injury in neonates is a potential 
opportunity for improving outcomes following 
nerve reconstruction. Very early studies demon-
strated that reinnervation could prevent cell death 
but that the protective effect of reinnervation was 
dependent on the length of time between axot-
omy and reinnervation [25]. Similarly, for at least 
25 years since the classic descriptions of this cell 
death phenomenon, the pharmacologic effects of 
various neurotrophic factors on motor and sen-
sory neuron survival have been investigated in 
animal models [18, 24, 26], with promising 
results in many studies but still no clinically 
available therapies. Therefore, it remains to be 
determined if early nerve surgery or adjunctive 
therapies can become clinically useful in humans 
with BPBI.

 Spinal Cord

Aside from the loss of motor and sensory neuron 
cell bodies, additional changes occur in the spinal 
cord following BPBI.  As described previously, 

redundant innervation in the neonatal period can 
be used to allow persistent innervation of mus-
cles that would become denervated by the same 
neurologic lesion in adults. For instance, in 
patients with C5–C6 avulsion injuries in the neo-
natal period, the biceps can have normal activity 
and EMG findings unless C7 is also avulsed; con-
versely, in adults, C5–C6 avulsion injuries lead to 
complete biceps paralysis [27]. This flexibility of 
the neonatal nervous system likely involves 
rerouting of pathways in the spinal cord, as 
experimental C5–C6 injury in neonatal rats alters 
the spinal cord architecture with a fourfold 
increase in C7 neurons innervating the biceps 
[28] (Fig. 42.2b, c).

Additional alterations in the spinal cord can be 
seen in the setting of a root avulsion injury. In 
many respects, a root avulsion injury is analogous 
to a spinal cord injury. A thorough review of the 
biology of spinal cord injuries is beyond the scope 
of this chapter. However, certain aspects must be 
considered in root avulsion injuries as they impact 
the feasibility of restoring innervation through 
root reimplantation. At the site of a root injury, an 
inflammatory reaction occurs, wherein CNS-
specific immune response cells, microglia, and 
astrocytes are activated and contribute to degen-
eration of injured neurons [29]. One component 
of this process, synaptic stripping, involves the 
selective loss of neurotransmitter receptors on the 
injured neurons [30]. It is unclear what the func-
tion of this synaptic stripping is, although it may 
serve to protect against excitotoxicity that can 
lead to motor neuron cell death. Thus, it is unclear 
if the inflammatory reaction serves a protective or 
destructive function, or both. Interestingly, both 
immune suppressors and activators have been 
shown to have neuroprotective effects [31, 32]. 
Regardless, the milieu of the injured neuron 
within the spinal cord undoubtedly plays a com-
plex role in root avulsion injuries.

 Brain

As described previously, important processes such 
as synaptogenesis and myelination are occurring 
in the brain postnatally and are activity dependent. 
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It is not surprising then that a brachial plexus birth 
injury can cause substantial disruption of postnatal 
brain development. However, before determining 
the effects of BPBI on brain development, it is 
important to understand that cortical remodeling 
occurs after brachial plexus injuries in adults as 
well. Several studies have investigated cortical 
remodeling after brachial plexus injuries, mostly 
using functional magnetic resonance imaging 
(fMRI). In these studies, fMRI displays regions of 
activation and connectivity in the cerebral cortex 
during tasks ranging from resting to active elbow 
flexion to simply imagining movement. Based on 
these studies, it is clear that BPI causes reorganiza-
tion of not only the sensorimotor network (the sen-
sory and motor cortical regions corresponding to 
the affected upper limb) but also several higher 
motor areas, such as the frontoparietal network, 
executive control network, salience network, 
default mode network, and supplemental motor 
area [33–35]. Connectivity between some centers 
is diminished in BPI patients, and some connectiv-
ity is increased, suggesting widespread remodel-
ing of the cerebral cortex in response to the injury. 
The involvement of higher order motor areas sug-
gests changes in motor planning following the 
peripheral nerve injury. It is not known, however, 
if these changes are a detrimental result of the 
injury or if they represent functional adaptation. 
One study examining patients with unoperated or 
surgically reconstructed global brachial plexus 
injuries in adulthood found that those who had 
functional recovery after surgery had greater con-
nectivity in certain regions compared to unoper-
ated patients, whereas patients without functional 
recovery after surgery demonstrated no change in 
connectivity compared to unoperated patients 
[36]. Again, whether these differences in cortical 
remodeling are what led to functional improve-
ments following nerve surgery, or if they resulted 
from successful nerve surgery, has not been deter-
mined. However, at least following BPI in adult-
hood, changes in the brain involve more 
far- reaching areas than simply the region of the 
sensorimotor cortex directly involved with func-
tion of the affected upper limb.

Similar fMRI studies in patients with BPBI 
have identified different effects of neonatal inju-

ries on the brain, potentially highlighting differ-
ent adaptive mechanisms between neonates and 
adults (Fig.  42.3). Two studies have identified 
increased activation of the primary sensorimotor 
cortex corresponding to the affected limb with 
either imagined limb movement or actual limb 
movement [37, 38]. This is in contrast to the typi-
cally decreased sensorimotor cortex activation 
following adult BPI. These studies also identified 
increased activation in higher motor areas, as has 
been seen in adults, but also increased activation 
of the contralateral sensorimotor cortex during 
movement of only the affected limb. Thus, the 
response to a neonatal injury may involve recruit-
ment of even the contralateral hemisphere senso-
rimotor cortex, in contrast to decreased 
interhemispheric connectivity following BPI in 
adults [39]. Such interhemispheric plasticity is 
seen following contralateral C7 nerve transfers in 
adults patients [40] and adult rats [41, 42], 
although only in rats does the control of the 
affected limb get fully transferred to the opposite 
cortex, corresponding to the donor C7 nerve root. 
Thus the greater ability of children to indepen-
dently control the treated limb following contra-
lateral C7 transfer may be due to increased 
capability to remodel across the hemispheres 
[43]. Finally, the effects of BPBI may extend 
beyond the regions of the brain responsible for 
movement and sensation. Typically, in right- 
handed individuals, the portion of the cortex 
responsible for language is located in the left 
hemisphere. However, in 15 patients with right- 
sided BPBI, fMRI identified a left-to-right shift 
in language lateralization, with the degree of shift 
correlating with the degree of impairment in the 
upper extremity [44]. This finding identifies a 
connection between upper limb control and lan-
guage and demonstrates that in the developing 
brain, isolated peripheral insults can have far- 
reaching central effects, although the impacts of 
these effects on our assessment and treatment of 
BPBI remain to be elucidated.

Nonetheless, it is clear that BPI and its treat-
ments in adults and neonates cause widespread 
brain remodeling. Therefore, the assessment of 
limb movement before and after nerve recon-
struction is likely affected by the degree and tim-
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ing of cortical remodeling and its impact on 
motor learning, as much as it is determined by 
peripheral connectivity of axons at the site of 
injury or neurorrhaphy. Furthermore, the treat-

ment of BPI cannot simply rely on technically 
competent nerve reconstruction but must also 
involve therapies that promote adapted motor 
learning.

a

b

c

d

Fig. 42.3 Brain activation demonstrated by fMRI during 
elbow flexion and shoulder rotation. Compared to healthy 
controls (a, c), greater and more widespread brain activation, 

including activation of the contralateral cortex, is seen fol-
lowing BPBI during elbow flexion (b) and shoulder rotation 
(d). (Adapted with permission from Bjorkman et al. [37])
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 Muscle

Denervation of skeletal muscle at birth can also 
have deleterious effects on muscle development, 
much of which occurs postnatally. Aside from the 
obvious initial weakness of the muscle from the 
denervation, additional secondary effects on the 
development of denervated muscle have impor-
tant clinical ramifications. The most notable 
sequela of denervation is the development of con-
tractures, which have recently been demonstrated 
to be a primarily biological effect of denervation 
on postnatal muscle growth. The etiology of con-
tractures following BPBI was historically thought 
to involve purely mechanical processes. A com-
monly cited mechanism for the development of 
the shoulder internal rotation contracture has 
been muscle imbalance between functioning 
internal rotators and paralyzed external rotators, 
leading to static internal rotation joint posturing 
and ultimate joint contracture [45, 46]. However, 
this muscle imbalance cannot explain the gleno-
humeral abduction contracture that commonly 
follows abductor paralysis [47] or the elbow flex-
ion contracture that develops in the setting of 
elbow flexor paralysis [48–50]. Furthermore, 
MRI studies have found internal rotation, abduc-
tion, and elbow flexion contractures to corre-
spond to atrophy of the subscapularis, abductors, 
and brachialis, respectively [47, 51, 52], suggest-
ing that contractures may result from tightness of 
denervated muscles rather than overactivity of 
functioning muscles.

Recent work in animal models has confirmed 
that contractures are indeed caused by the bio-
logical effect of neonatal denervation on longitu-
dinal muscle growth. Several studies using 
neonatal lower limb nerve injury in rats previ-
ously demonstrated impairment of muscle growth 
in mass, cross-sectional area, fiber number, and 
fiber diameter [53–56]. However, the effect of 
neonatal denervation on longitudinal muscle 
growth was more recently determined in an ani-
mal model of BPBI [57, 58]. In this model, neo-
natal denervation by C5–C6 nerve root excision 
led to shoulder internal rotation and elbow flex-
ion contractures with corresponding impaired 
longitudinal growth in the subscapularis and 

elbow flexor muscles. Moreover, the elbow flex-
ion contractures could be completely relieved by 
excising the elbow flexor muscles, leaving the 
joint capsule intact, suggesting that contractures 
are due to tight muscles rather than a tight joint 
capsule. Importantly, these contractures did not 
occur following excision of the triceps muscle if 
the elbow flexors remained innervated. Similarly, 
shoulder internal rotation contractures could not 
be caused by excision of the external rotators, as 
long as the subscapularis remained innervated. 
These data demonstrate that contractures are 
indeed caused by denervated muscles rather than 
lack of passive stretch due to muscle imbalance. 
Furthermore, contractures did not form following 
denervation in nearly adult animals, confirming 
the unique susceptibility of neonatal muscle to 
impaired longitudinal growth, and consistent 
with clinical observations that BPI in later child-
hood does not cause contractures [59]. Further 
experiments in this model [60] investigated the 
contribution of fibrosis, which had been previ-
ously postulated to cause contractures following 
BPBI [61]. In these experiments, fibrosis occurred 
after the onset of contractures, and pharmaco-
logic reduction of fibrosis did not prevent con-
tractures, ruling out fibrosis itself as a causative 
factor in contracture development.

Most recently, the molecular mechanism of 
impaired longitudinal muscle growth and con-
tractures following BPBI has been identified as 
increased protein degradation counteracting 
maintained protein synthesis [62] (Fig.  42.4). 
Again using an animal model, neonatal denerva-
tion was found to increase skeletal muscle  protein 
degradation by the ubiquitin-proteasome system, 
the main mechanism for protein degradation in 
adult muscle atrophy. Importantly, pharmaco-
logic inhibition of the proteasome after neonatal 
BPI was able to completely prevent contractures, 
despite persistent paralysis. Importantly, in the 
same experiments, the investigators tracked and 
manipulated muscle stem cells, known as satel-
lite cells, finding that denervation does not pre-
vent satellite cell function (adding nuclei to the 
growing multinucleated myofiber) and that pre-
venting satellite cell function does not cause con-
tractures [62]. These data refute previous 
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assumptions that postnatal muscle growth 
requires satellite cell function [63] and that satel-
lite cell dysfunction could be a cause of neuro-
muscular contractures [64–67]. Therefore, it is 
unlikely that contractures following BPBI would 
be amenable to stem cell therapy. Taken together, 
however, these data shed light on the biological 
regulation of longitudinal muscle growth and 
provide a proof of concept that BPBI-induced 
contractures are amenable to a medical rather 
than surgical solution by understanding the 
molecular biological perturbations in neonatally 
denervated muscles.

In addition to contractures, other perturbations 
in neonatally denervated muscle can impact 
assessment and treatment of BPBI. Muscle spin-
dles, specialized muscle fibers that serve as sen-

sory stretch organs, depend on afferent 
innervation for formation prior to birth and for 
function and persistence postnatally [68]. In an 
animal model of BPBI, muscle spindles were 
found to be degenerated following denervation 
by postganglionic nerve root excision, but pre-
served following preganglionic injury, which 
leaves the afferent neurons in contact with the 
muscle [69] (Fig. 42.5). Preservation of spindles, 
which are an important component of coordi-
nated muscle function, may explain the clinical 
finding that functional recovery of muscle rein-
nervated by nerve transfer surgery following 
BPBI nerve root avulsion is superior to that fol-
lowing the same surgery in the setting of BPBI 
nerve root rupture [70]. Furthermore, contrac-
tures did not occur following preganglionic 

Fig. 42.4 Graphical representation of how BPBI disrupts 
normal postnatal longitudinal muscle growth by altering 
the normally anabolic balance between protein synthesis 
and protein degradation. This impaired growth leads to 
fewer than normal sarcomeres in series, causing each sar-
comere to have to stretch further than normal during mus-
cle stretch (sarcomere elongation) and ultimately limiting 

the passive motion of the joint (contracture). Inhibition of 
protein degradation after BPBI restores sarcomere length 
and range of motion, demonstrating that protein degrada-
tion is responsible for contracture formation following 
BPBI and representing a potential medical strategy to pre-
vent contractures. (Reprinted with permission from 
Nikolaou et al. [62])
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injury in the animal model [69], consistent with 
the absence of contractures following C5–C6 
nerve root avulsion injuries in BPBI seen clini-
cally [71]. Therefore, afferent innervation may 
play a role in contracture pathogenesis. However, 
sympathetic innervation is also preserved follow-
ing preganglionic injury, and sympathetic neu-
rons have recently been found to innervate the 
neuromuscular junction between the efferent 
axon and muscle fiber and play an important role 
in maintenance and function [72]. Therefore, 
sympathetic innervation may not only play a role 
in contracture prevention but may also explain 
the improved recovery of motor function follow-
ing nerve transfer surgery for preganglionic ver-
sus postganglionic injuries [70]. Nonetheless, the 
relative roles of afferent and sympathetic inner-
vation in the sequelae of BPBI must be further 
investigated. Similarly, the expression and behav-
ior of acetylcholine receptors in skeletal muscle 
have been long known to change during postnatal 
development and be perturbed by neonatal dener-
vation [73], although the ramifications of this 
developmental perturbation in BPBI are not 
known. Finally, the shift in myosin isoform 
expression (fast to slow) following neonatal 
denervation is similar to that following adult 
denervation [74], although again its clinical sig-
nificance is unknown with respect to BPBI.

 Bone

Among the most important sequelae of BPBI is 
glenohumeral dysplasia. Based on clinical obser-
vations before and after shoulder surgery, as well 
as data from animal and computational models, 
this dysplasia is widely thought to result from 
pressure imbalance at the glenoid, where 
increased posterior pressure from contractures 
and/or muscle activity imbalance leads to glenoid 
retroversion, pseudoglenoid formation, and ulti-
mate dislocation [75–82]. However, the biologi-
cal effects of denervation on bone growth deserve 
discussion, since the mechanical phenotype of 
dysplasia may not have a purely mechanical 
pathophysiology, as exemplified by the muscle 
contractures discussed above. According to 
Hilton’s law [83], a joint will receive innervation 
from any nerve that passes it. Therefore, the gle-
nohumeral joint will receive innervation from the 
suprascapular nerve posteriorly, the axillary 
nerve inferiorly, and the rest of the brachial 
plexus anteriorly. Thus the nerves supplying the 
posterior and inferior glenoid would be dener-
vated in a typical C5–C6 BPBI, whereas intact 
nerves in the remainder of the brachial plexus 
would still pass the anterior glenoid. Therefore it 
is possible that the posterior glenoid insufficiency 
typical in BPBI-induced dysplasia results in part 

a bPost-ganglionic NBPI Pre-ganglionic NBPI

Fig. 42.5 Schematic representation of postganglionic 
and preganglionic nerve root injuries. In postganglionic 
injuries (a), the cell bodies of the efferent (red), afferent 
(green), and sympathetic (blue) neurons are disconnected 
from the muscle, causing complete denervation of the 
muscle fibers and muscle spindles. In preganglionic inju-

ries (b), the cell bodies of the sympathetic and afferent 
neurons remain connected to the muscle, preserving affer-
ent and sympathetic innervation. This neuroanatomic dif-
ference may explain the absence of contractures and 
better motor recovery after nerve transfer for pregangli-
onic injuries. (Image courtesy of Roger Cornwall, MD)
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from denervation-induced impairment of poste-
rior glenoid growth, similar to the denervation- 
induced impairment of muscle growth.

The direct neuronal regulation of bone homeo-
stasis has been a focus of increasing interest, but 
much remains unknown, especially regarding the 
neuronal regulation of bone development and 
growth [84]. Nonetheless, it is known that sen-
sory and sympathetic neurons innervate develop-
ing bones at sites of high osteogenic activity [85]. 
Although sensory neurons are known to regulate 
bone mass in adulthood and during development 
[86, 87], bone development otherwise appears 
unaltered in the absence of sensory neurons. 
Similarly, the sympathetic nervous system is 
known to modulate bone mass and remodeling 
[88], but its effect on bone growth is unknown. 
Nonetheless, the longitudinal growth of bone in 
antlers is slowed by denervation [89], and animal 
models of BPBI have consistently reported 
reduced humeral lengths. Furthermore, in human 
patients with BPBI, bone growth is affected 
throughout the upper limb, correlating with the 
distribution and severity of the BPBI [90]. It is 
unclear whether the bone growth inhibition is 
modulated directly by innervation or through 
limb movement, but further research is warranted 
regarding the role of innervation in bone growth 
and postnatal development.

 Summary

This chapter has reviewed the uniqueness of the 
neonatal nervous system and how it is perturbed 
by a peripheral nerve injury. Through clinical 
observations and experiments in animal models, 
much has been learned about the biology of vari-
ous organ systems in the setting of BPBI. However 
much work remains to be done. Can preservation 
of the distal axon and motor endplate be extended 
to allow better reinnervation targets? Can preven-
tion of neuronal cell death improve outcomes of 
nerve reconstruction? Can cortical plasticity be 
further harnessed for therapy interventions? Can 
contractures be prevented in humans by inhibit-
ing muscle protein degradation? Can the protec-
tive effect of preganglionic injuries on muscle 
and possibly bone physiology be harnessed and 

applied to other types of BPBI? The future of 
BPBI care will depend not only on improvements 
in clinical assessment and interventions but also 
on a deeper understanding of the biology of all of 
the organ systems that are affected by this injury 
at a particularly vulnerable stage of human 
development.
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Epidemiology of Obstetrical 
Brachial Plexus Injury

Lindley Wall and Marie Morris

 Introduction

Obstetrical brachial plexus injury (BPBI) remains 
a source of morbidity and financial burden for the 
pediatric population, and not all those with a 
diagnosis of BPBI have identifiable risk factors. 
Therefore, knowledge of the epidemiology of the 
condition remains important for identifying 
potential strategies for prevention.

This chapter will discuss the trends and inci-
dence of BPBI, known risk factors, and methods 
for prevention.

 Incidence

The incidence of BPBI has been estimated at 
1.6–5.1 per 1000 live births by population-based 
studies [1, 2]. Population-based studies examin-
ing data from the 1997 to 2012 Kids’ Inpatient 
Database found a decreasing rate of BPBI in the 
United States. Over this period, the incidence 
decreased from 1.7 to 0.6 per 1000 live births 
(P < 0.001) [3, 4]. Bager performed a population- 
based study examining births over a 10-year 
period, 1980–1989, using the national Swedish 

Medical Birth Registry and reported an average 
incidence of BPBI of 1.6 per 1000 [1]. A more 
recent population-based study in western Sweden 
examined 38,749 children born between 1999 
and 2001 and demonstrated an incidence of BPBI 
of 2.9 per 1000 live births and an incidence of 
persistent BPBI at 18 months of age of 0.46 per 
1000 live births [5]. The variation in incidence 
reported across studies can partly be explained by 
geographic differences in obstetric care and pop-
ulation versus region-based studies.

The majority of BPBI is unilateral with 
approximately 5% being bilateral.

In unilateral BPBI, the right side is more often 
affected than the left. In a study of 11, 873 chil-
dren born in the Netherlands, with 56 suffering 
BPBI, the ratio of right- to left-sided BPBI was 
33:23 [2].

 Risk Factors

Risk factors for BPBI include both maternal and 
fetal factors. Specifically they include shoulder 
dystocia, fetal macrosomia (>4500 g), a previous 
child with shoulder dystocia or BPBI, maternal 
diabetes, assisted vaginal delivery, multiparity, 
prolonged labor, excessive maternal weight gain, 
and fetal malposition [6, 7]. There seems to be a 
higher occurrence in females and black and 
Hispanic groups than in males or other ethnic 

L. Wall (*) · M. Morris 
Department of Orthopaedic Surgery, Washington 
University School of Medicine,  
Saint Louis, MO, USA
e-mail: wallli@wustl.edu; marietmorris@wustl.edu

43

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69517-0_43&domain=pdf
https://doi.org/10.1007/978-3-030-69517-0_43#DOI
mailto:wallli@wustl.edu
mailto:marietmorris@wustl.edu


482

groups [3]. However, despite these risk factors, 
more than 80% of BPBI occurs in mothers who 
do not have known risk factors [6].

 Shoulder Dystocia

Shoulder dystocia remains the highest risk factor 
for BPBI. It is defined as delivery requiring spe-
cial obstetric maneuvers to deliver the shoulders 
after gentle downward traction has failed. It is a 
clinical diagnosis that is made during delivery, 
and its incidence ranges from 0.2% to 3.0% of all 
vaginal deliveries. It has been shown to increase 
the risk of BPBI as high as 166- and 215-fold [8, 
9]. The most reliable predictor of shoulder dysto-
cia is a mother’s history of prior child with shoul-
der dystocia [8, 10].

In the setting of shoulder dystocia, the rate 
of transient BPBI ranges from 1% to 7%, and 
the rate of persistent BPI (lasting longer than 
1 year) ranges from 0.5% to 1.6%. These rates 
are in comparison to the rate of transient or per-
sistent BPI without shoulder dystocia which is 
approximately 0.9% [6]. However, despite this 
increase risk of BPBI with shoulder dystocia, 
studies have found that only 17–46% of patients 
with BPBI had a history of shoulder dystocia 
[4, 8, 11, 12].

Shoulder dystocia also increases the risk of 
ipsilateral clavicle fractures [13], but the risk of 
BPBI in the setting of shoulder dystocia and an 
ipsilateral clavicle fracture is similar to that of 
shoulder dystocia without a fracture (OR 126.7 
versus 112.1, P = 0.26) [14]. An ipsilateral clavi-
cle fracture may be protective of the brachial 
plexus, as neurologic recovery is more likely in 
the setting of a clavicle fracture than without one 
(98.1% versus 94.4%, P = 0.005) [15]. In diffi-
cult deliveries, choices must be made by the 
treating obstetrician to minimize morbidity and 
mortality. While we do not necessarily recom-
mend prophylactic clavicle fracture, we believe 
there is evidence that minimizing shoulder girdle 
width may be protective for the neurologic func-
tion of an infant’s upper limb.

 Macrosomia

Macrosomia, defined as a birth weight greater 
than 4500 g, has also been established as a risk 
factor for BPBI [4]. In the review of data from the 
Kids’ Inpatient Database from 1997 to 2003, a 
birth weight greater than 4500 g increased the risk 
of BPBI by 14 times [4]. Examining data from the 
Swedish Medical Birth Registry, the incidence of 
BPBI was 45 times higher in neonates with a birth 
weight greater than 4500  g compared to those 
with a birth weight less than 3500 g, with an inci-
dence of 18.1 per 1000 births versus 0.4 per 1000 
births [1]. A separate population- based study in 
Sweden found that weight greater than 5000  g 
increased the risk of BPBI by 34.2 times [8]. In 
this study, in the setting of shoulder dystocia, the 
incidence of BPBI in infants with a birth weight 
between 4500 and 4999  g was 29.5% (OR 2.3) 
and higher in infants with a birth weight greater 
than 5000 g with an incidence of 35.3% (OR 3.0). 
Being heavy for gestational date has also been 
shown to be a risk factor with [16] an OR of 
approximately 6.88 [4]. There does not seem to 
be, however, a correlation between increased birth 
weight and severity of injury [1]. Consistent with 
macrosomia being a risk factor of BPBI, prematu-
rity and intrauterine growth restriction appear to 
be protective against BPBI [17].

 Diabetes

Gestational diabetes occurs more commonly in 
mothers of newborns with BPBI than those with-
out [8, 18]. In a series of patients born in civilian 
hospitals in California from 1994 to 1995, Gilbert 
found that gestational diabetes increased the risk 
of BPBI by 1.9 times. With regard to a diagnosis 
of gestational diabetes and mode of delivery, the 
frequency of BPBI was highest in mothers with 
gestational diabetes and an assisted delivery 
(vacuum or forceps) and fetal macrosomia 
(>4500 g) (7.8%) compared to mothers with ges-
tational diabetes and unassisted vaginal delivery 
which was between 3% and 4% [17].
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 Assisted Vaginal Delivery

Operative vaginal delivery by forceps or vacuum 
has also been associated with increased risk of 
BPBI. Forceps-aided delivery increased the risk of 
BPBI by nine times and vacuum assisted greater 
than six times in the series of patients from the 
Kids’ Inpatient Database [4]. As mentioned above, 
this risk is compounded by a concomitant history of 
maternal diabetes and fetal macrosomia. Gilbert 
et al. found that forceps- aided delivery increased the 
risk of BPBI by 3.4 times and that vacuum-assisted 
delivery increased the risk by 2.7 times [17].

 History of BPBI

Maternal history of an infant with BPBI is also a 
risk factor for a subsequent infant to be delivered 
with BPBI. In their series of 59 patients with 
BPBI, Gordon et al. found 14% of patients were 
born to a mother who had a prior child with BPBI.

 Breech Position

Breech delivery has also been associated with 
BPBI.  After adjusting for other risk factors, 
Mollberg et al. found breech delivery increased the 
risk of BPBI by 8.8 times in their series from the 
Swedish Medical Birth Registry [8]. DeFrancesco 
et al. found an adjusted odds ratio of 3.65 indicat-
ing an increased risk for BPBI in breech delivery 
by greater than 3 times [3]. Additionally, a diagno-
sis of “other malpresentation” (ICD-9 code 763.1) 
has also been associated with an increased risk of 
BPBI with an estimated OR of 73.6 [17]. There 
has been suggestion that the event of the brachial 
plexus injury may sometimes occur from malpre-
sentation prior to labor [17].

 Birth Hypoxia

Fetal hypoxia during delivery has been found an 
independent risk factor for BPBI (OR 3.1, 
P < 0.001) [3]. Along with this risk factor, fetal 

hypotonia has also been suggested as a possible 
risk factor with an odds ratio of 1.3 [9]. The 
decrease in muscle tone and impaired reflexes 
may prevent the fetus from being able to protect 
themselves by limiting shoulder displacement 
during transit through the birth [3]; however, this 
has not been established as clear mechanism of 
injury.

 Prolonged Labor

Duration of active pushing during vaginal deliv-
ery has been associated with a slight increased 
risk of BPBI [19]. A protracted active phase and 
secondary arrest of dilatation are also associated 
with an increased risk of BPBI [8]. Still, several 
patients with BPBI are delivered without reported 
difficulties [20].

 Multiple Gestation Birth

In review of the Kids’ Inpatient Database, multi-
ple gestation birth was associated with a lower 
risk of BPBI with an adjusted OR 0.45  in the 
study by DeFrancesco et al. and an adjusted OR 
of 0.25 in the preceding study by Foad et al. [3, 4]

 Prevention

BPBI continues to be a source of morbidity and 
financial burden for families and the healthcare 
system. The initial hospital stay for patients with 
BPBI is longer than for those without it, and hos-
pital stay costs are 40% greater [9]. Only approx-
imately 66% of children with BPBI achieve 
complete recovery [2, 21], and BPBI continues to 
be a common reason for litigation for birth com-
plications. Prevention is therefore of paramount 
importance.

Although identified risk factors do exist for 
BPBI, the fact that most occur in mothers who do 
not have risk factors poses a challenge in preven-
tion. Approximately 50–55% of infants with 
BPBI did not themselves have risk factors or their 
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mothers [3, 4, 18]. In an attempt to predict the 
occurrence of BPBI, Perlow et al. identified only 
19% of cases of BPBI that could be predicted 
prior to delivery [22].

 Induction of Labor

Induction of labor for macrosomia has been sug-
gested as a preventative measure against shoulder 
dystocia and BPBI.  However, the diagnosis of 
macrosomia poses a challenge, as ultrasound 
accuracy for estimating fetal weight is approxi-
mately 62–66% accurate in measuring weight 
within 10% of actual birth weight [23].

 Cesarean Delivery

Cesarean delivery has been found to be protective 
of BPBI with an odds ratio of 0.12 [4]. In analysis 
of the Kids’ Inpatient Database, the risk of BPBI 
was decreased with Cesarean delivery (OR 0.16, 
P < 0.001) [3]. This study also related the decreas-
ing incidence of BPBI from 1997 to 2012 to an 
increase in the rate of Cesarean section from 
20.9% to 34.0% (P < 0.001) during this period 
[3]. Between 2009 and 2017, however, the rate 
has remained between 31.9% and 32.8% with 
slight decreases between 2009 and 2016 [24, 25].

The decision to proceed with a Cesarean deliv-
ery for BPBI prevention requires shared decision-
making between obstetrician and patient, as 
Cesarean delivery does not always prevent 
BPBI. BPBI still occurs after Cesarean deliveries, 
with an incidence of 0.03–0.15% [6]. There is 
increased risk of shoulder dystocia and BPBI in 
the setting of maternal diabetes and macrosomia 
especially in the setting of assisted vaginal deliv-
ery. However, Gilbert found that 92% of macroso-
mic infants born to a mother with diabetes with 
assisted vaginal delivery did not have BPBI. The 
routine use of Cesarean section delivery is not rec-
ommended, nor is it cost-effective except poten-
tially in the situation of a diabetic mother and fetus 
with macrosomia [17, 26]. The American College 
of Obstetricians and Gynecologists (ACOG) prac-
tice revised their practice recommendations 

between 1997 and 2002 to recommend planned 
Cesarean section for patients with estimated fetal 
weight greater than 5000 g in women without dia-
betes and greater than 4500 g in women with dia-
betes [27, 28]. Unfortunately, the challenge is still 
to accurately determine fetal weight. However, 
there may be a benefit to Cesarean section delivery 
for mothers who have previously given birth to an 
infant with BPBI [10].

 Shoulder Dystocia Training

Some studies have demonstrated a decreased 
incidence of BPBI after employing dystocia sim-
ulation courses for obstetricians [29–31]. After 
implementing a shoulder dystocia training course 
for maternity staff, the overall incidence of BPBI 
after vaginal delivery at one center decreased 
from 0.40% prior to training down to 0.14% after 
training (P < 0.01). BPBI after shoulder dystocia 
decreased from 30% to 10.67% (P < 0.01) [29].
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Associated Concomitant Injuries

Ayobami Ward, Brandon Smith, and Lynda Yang

 Introduction

The focus of this chapter is to highlight and dis-
cuss various concomitant injuries suffered by 
children with NBPP and their effects on overall 
recovery and functional outcome. These associ-
ated disorders can happen either at the time of the 
initial nerve injury or in a delayed fashion; they 
will be presented in relative chronology with 
some exceptions given the parallel development 
of many of these conditions.

As clinicians caring for patients with motor 
deficits, providers tend to focus on motor func-
tion in isolation. Single-minded thinking, how-
ever, fails to take into account the patient’s 
clinical course as a whole. The WHO-ICF is a 
useful tool to help us understand that functional 
classification is much more integrated and also 
relies heavily on multiple interrelated factors. 
The injuries and conditions in the following 
chapter may not directly affect motor function; 
however, they do have both direct and indirect 
effects on the other domains of function.

 Phrenic Nerve Injury

The origin of concomitant injury to the phrenic 
nerve in NBPP is a result of the same tractional 
forces on the brachial plexus, which also leads to 
stretching of the 3rd to 5th cervical nerve root 
and the associated phrenic nerve [1]. The associa-
tion of brachial plexus palsy and phrenic nerve 
injury has been reported as early as the 1950s; it 
was first described in a patient with “brachial 
palsy” that demonstrated “dullness at pulmonary 
base on involved side because of elevation of the 
diaphragm.”

Today, isolated phrenic nerve injury presents 
in about 1/15,000 to 1/30,000 live births every 
year [1] but may present more commonly in 
babies with NBPP. In 1956, the mortality for this 
injury was reported as 27.6%, whereas now, mor-
tality is almost unheard of. Since the mechanism 
of injury is similar for the brachial plexus and 
phrenic nerve, so too are the risk factors.

Diagnosis is based on clinical evaluation at 
birth. Suspicion of a phrenic nerve injury 
should increase when a patient with a brachial 
plexus palsy presents with respiratory distress 
after birth and often is noticed with difficulty 
feeding. Fluoroscopy or ultrasound can be used 
to evaluate, with ultrasound being the preferred 
modality to avoid radiation exposure. Some 
centers utilize phrenic nerve stimulation to 
prognosticate spontaneous recovery [1]. 
Prolonged latency of the signal would indicate 

A. Ward · B. Smith · L. Yang (*) 
University of Michigan, Ann Arbor, MI, USA
e-mail: ljsyang@med.umich.edu

44

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69517-0_44&domain=pdf
https://doi.org/10.1007/978-3-030-69517-0_44#DOI
mailto:ljsyang@med.umich.edu


488

that recovery is possible, while absent signal 
transduction would indicate that the likelihood 
of spontaneous recovery is low [1–4].

Treatment of phrenic nerve injury is focused 
on treating the respiratory distress and hemi- 
diaphragmatic failure. Two studies indicate that 
phrenic nerve injury will spontaneously resolve 
with conservative management, but for those 
with recurrent respiratory infections or diffi-
culty feeding, diaphragmatic plication is a via-
ble option [5, 6]. Importantly, Bowerson et  al. 
demonstrated that the severity of respiratory 
symptoms resulting from phrenic nerve palsy 
was not correlated with the severity of the bra-
chial plexus palsy [5]. One may conclude that 
functional recovery of neonatal brachial plexus 
palsy has little value in framing a prognosis in 
the context of phrenic nerve palsy, and vice 
versa. If the patient progresses to surgical inter-
vention, the diaphragmatic status is helpful to 
know from both a surgical and anesthetic 
standpoint.

 Clavicle Fracture

Skeletal birth trauma is a known risk of vaginal 
delivery. The most common bony injury during 
delivery is a fracture to the clavicle, which occurs 
in 0.5–1.6% of neonates [7–9]. There are many 
risk factors that are associated with clavicle frac-
ture including shoulder dystocia, forceps deliv-
ery, vacuum delivery, prolonged labor, gestational 
diabetes, and increased birth weight. As you have 
read in earlier chapters, many of these risk factors 
are the same for NBPP.

Although both are commonly seen in “diffi-
cult” deliveries, both NBPP and clavicular frac-
tures have been demonstrated in uncomplicated 
spontaneous vaginal birth as well as caesarian 
sections.

After delivery, in the neonatal period, both 
entities can separately present as decreased limb 
use and apparent motor asymmetry. A detailed 
neurologic examination can help to identify the 
presence and extent of the NBPP, and the pres-
ence of a clavicular fracture can be verified with 
standard radiographs.

Although there is an association between the 
two injuries, there is no evidence that the severity 
of fracture is associated with NBPP or vice versa 
[10–12]. The severity of clavicular fracture can 
range from asymptomatic and delayed presenta-
tion until callus formation in the first weeks of 
life, to a fully displaced fracture. In either cir-
cumstance, the management of clavicle fracture 
in neonates is generally supportive including pain 
control and more rarely immobilization with spe-
cialized garments.

Other than increased bleeding and scar tis-
sue at the periclavicular area which may impact 
some surgical planes, the presence of a clavicu-
lar fracture should not impact the clinical course 
or decision- making in nerve reconstruction for 
NBPP.

 Shoulder Dislocation/Subluxation

As with many other joints, friction and pressure 
are needed in order for the glenohumeral joint to 
develop into the classic ball and cup formation 
that we know and depend on for stability [13].

NBPP injuries involve the upper trunk which 
supplies that main musculature surrounding the 
glenohumeral joint, regardless of Narakas grade: 
deltoid, supra-/infraspinatus, teres major and 
minor, biceps, and coracobrachialis. In patients 
with NBPP, the muscle imbalances across this 
joint prevent it from forming the standard 3D 
architecture that allows the humeral head to artic-
ulate securely within a normally configured 
socket [13].

Joint architecture continues to develop 
throughout early childhood, and in the shoulder 
the lack of development often presents issues 
within the first year of life. The lack of develop-
ment of the ball and cup architecture lead the 
joint to subluxate [13]. Many NBPP patients 
present with subluxations as early as 4–6 months 
when surgical repairs are occurring. This can be 
noted when positioning the patient in external 
rotation needed to access the medial upper arm 
for the Oberlin procedure. CT scans have been 
used for grading systems, however, given the 
increased avoidance of ionizing radiation 
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 ultrasound continues to be a mainstay and our 
preferred method of evaluation. Given that above, 
exercises to maintain PROM should not be 
delayed as early joint movement does not seem to 
increase the incidence of later subluxation [14].

 Torticollis

Torticollis is caused by a congenital or secondary 
shortening of the sternocleidomastoid muscle, 
resulting in the characteristic tilting/turning of 
the head to one side. Congenital muscular torti-
collis is the most common culprit in the neonate 
affecting 4–16% of all infants. Congenital mus-
cular torticollis differs from the entity we encoun-
ter and associate with NBPP, which is classified 
in the nonmuscular torticollis. Nonmuscular tor-
ticollis makes up for 18.4% of all torticollis, and 
51% of these patients were found to have a neu-
rological cause including brachial plexus palsy 
[15, 16].

The nature of the relationship between bra-
chial plexus injury and torticollis is one that has 
seen only sparse investigation. The true mechani-
cal/physiologic cause has yet to be defined 
although it is easy to postulate that given their 
close anatomic proximity, both the nerves and the 
muscles of the neck can be injured. Kenned in 
1903 wrote, “That there may be injury to neigh-
boring structures is to be expected, seeing that 
force sufficient to rupture the nerves has been 
exerted…. often very great…as there was at the 
same time torticollis present due to rupture of the 
SCM” [16, 17].

NBPP patients present with torticollis in 
approximately 40% of patients at a single clinic. 
The distribution of concomitant torticollis and 
NBPP demonstrates a slight female predomi-
nance (58%), as well as a slight left-sided pre-
dominance (56%) [16]. In almost all settings, the 
torticollis will appear on the side ipsilateral to the 
NBPP (98%). Importantly, there are no studies 
available that indicate a difference in severity of 
NBPP between patients with and without torti-
collis [16].

The diagnosis is most often made by physical 
exam with the patient assuming the classic pos-

ture of a unilateral head tilt/rotation. Further 
workup is not routinely performed if suspicion is 
only for torticollis [16]. More than 60% of 
patients with torticollis and NBPP had spontane-
ous resolution of the torticollis without other 
musculoskeletal abnormalities. The presence of 
torticollis does not pose a major consideration in 
the treatment of NBPP, nor does it indicate rate or 
extent of recovery [16]. Similarly, intervention to 
lengthen or otherwise surgically modify the ster-
nocleidomastoid is not recommended; occupa-
tional/physical therapy is the first line of treatment 
for torticollis associated with NBPP [16].

 Plagiocephaly

Neonatal and infantile cranial asymmetry is 
another intersection between neurosurgery and 
plastic surgery. Craniosynostosis and plagio-
cephaly are two causes of cranial asymmetry, 
with the latter being associated with NBPP.

In one single-center study, positional plagio-
cephaly was noted in over 60% of children with 
NBPP representing a likely association between 
the two entities [18]. As discussed above, torti-
collis is associated with NBPP and is also associ-
ated with positional plagiocephaly. Tang et  al. 
suggest that the increased incidence of plagio-
cephaly is not fully dependent on the presence of 
torticollis, but instead due to the motor asymme-
try noted in the NBPP patients [18]. In the infant 
with an asymmetric cranium, close examination 
and understanding of external forces and bone 
growth principles helps to diagnose plagioceph-
aly vs. craniosynostosis.

There is limited data on plagiocephaly and 
NBPP, but there appears to be a relationship 
where a worsening severity of NBPP increases 
the percentage of spontaneous resolution of the 
plagiocephaly. The authors of this article postu-
late that patients with more severe NBPP tend to 
get more physical therapy which could improve 
their head position, neck musculature, and over-
all posture [18].

Although plagiocephaly likely does not alter 
the outcomes of NBPP, it is important to under-
stand its presence and to differentiate this from 
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craniosynostosis. There have been reports of 
children undergoing unnecessary craniofacial 
operations since plagiocephaly is not a surgical 
disease [18].

 Contracture

A joint contracture is the pathologic decrease in 
ROM of a joint as a result of tendon and muscle 
shortening. In order for the skeletal architecture 
to remain functional, balance is needed around 
the joint itself. The balance of agonists, antago-
nists, and supportive musculature surrounding 
each joint is of the utmost importance. If there is 
an imbalance in muscle function, permanent 
shortening of the tendons and muscles can result 
in joint contractures. In NBPP the risk factors are 
twofold with both limited muscle power to main-
tain active range of motion and dysfunctional 
joint formation as mentioned above.

The imbalances of muscle strength lead to the 
classic arm posture for untreated Erb’s palsy. 
Weakness in the external rotors results in an 
internally rotated shoulder [19], and a lack of 
repeated ROM causes flexion contractures at the 
elbow and wrist [20, 21].

Prevention is key when it comes to contrac-
ture, since its presence is a formidable foe for the 
nerve surgeon. Reinnervated musculature often 
lacks the power of normal musculature, and any 
hindrance including inflexible joints are difficult 
to overcome even with successful reinnervation. 
These issues are one of the major reasons that we 
suggest early referral to a comprehensive bra-
chial plexus center for all children with brachial 
plexus palsy [22]. The visits are not only helpful 
for serial examinations that help decide on surgi-
cal intervention but also to initiate therapies to 
optimize functional outcomes and maintain ROM 
[14, 23].

In our surgical patients, when early signs of 
contracture are noted in the pectoralis with inter-
nal rotation of the shoulder, we and others utilize 
botulinum toxin injections of the pectoralis as 
well as placement in a spica brace post-repair. 
The surgical repair of contractures will be dis-
cussed in other chapters.

 Limb Length Differences

In addition to flexion contractures, and joint for-
mation problems, patients with neonatal brachial 
plexus palsies can have limb length development 
issues. These issues arise as the growth of bones 
relies in part on the external forces placed on 
them by active and intermittently contracting 
musculature. Many groups have looked at vari-
ous length and girth measures in both patients 
who underwent reconstruction and those who did 
not. The largest series of patient consisted of 179 
patents evaluated at McMaster University [24]. 
They demonstrated that in 95% of patients with 
NBPP, there is a statistically significant differ-
ence in limb length between the affected and 
unaffected side. These findings were noted at 
every time points starting at 1 month. In patients 
with NBPP, the limb girth, due to asymmetric 
muscle mass, in addition to the limb length also is 
significantly lower.

 Sensation, Proprioception, 
and Limb Dominance

Sensation in children is difficult to assess and is a 
current are of research for many programs. There 
are some beliefs that due to neuroplasticity chil-
dren seem to be excluded from the pain symptoms 
after NBPP unlike their adult counterparts [25, 26]. 
However, autophagy is a not uncommonly seen 
phenomenon which may argue the counter. Little 
has been proven in this area given the subjective 
nature of sensation and pain and the difficulty iden-
tifying these symptoms in nonverbal neonates and 
limitedly verbal infants and toddlers.

It is now well-known that limb preference for 
the unaffected limb is generally higher in children 
who suffer from NBPP [27, 28]. Considering that 
during normal development, the hand/limb domi-
nance presents itself as early as 6–10  months, 
solidifying between 4 and 10 years of age, it fol-
lows that a sufficiently plastic nervous system 
should be able to adapt to this change, with little 
issue [27].

Several studies have demonstrated that some 
children, regardless of severity of injury or repair, 
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continue to demonstrate issues with propriocep-
tion and limb placement [28, 29]. Sensation and 
motor activation/movement are deeply linked 
neurologically, with proprioception being the 
critical factor for feedback in motor actions. 
These deficits have been shown to exist in several 
areas of the affected limb, including the shoulder, 
the elbow, and the hand [30–32].

Investigation into the cortical basis of this 
phenomenon has yielded interesting results. A 
recent study by Anguelova et  al. investigating 
central activation in motor tasks via fMRI dem-
onstrated that NBPP patients had higher levels of 
activation in premotor and motor cortices when 
planning tasks but normal activation when the 
task was being performed. This suggests that the 
actual planning of the task requires increased 
motor planning centrally. This may provide a 
neurophysiological substrate for the differences 
seen in limb dominance in patients  – higher 
motor planning “processing” requirements may 
lead to limb dominance changes in right-handed 
patients with right NBPP [27, 33].

 Cognitive and Psychosocial Effects

Injuries that present with neonatal brachial plexus 
palsy are not restricted only to physical trauma 
and anatomic changes. There is also evidence 
that NBPP may lead to changes in psychosocial 
adjustment, body image issues, changes in qual-
ity of life, as well as cognitive changes that may 
or may not resolve spontaneously.

When considering the psychosocial effects 
that NBPP may have on a patient, it is important 
to make considerations for development. 
Rehabilitation should include evaluation of early 
language delay in toddlers, which has been 
shown to be linked with motor impairment, spe-
cifically NBPP [34–36]. Changes in functional 
limb preference due to NBPP can affect [1] the 
lateralization of language depending on which 
limb ends up favored by the child, and thus may 
delay development of language, and [2] the abil-
ity for the child to use environment exploration to 
build nonverbal communication skills before first 
speaking [34].

External and internal perception is an impor-
tant facet of coping with physical impairment. 
Children and parents generally wish for a form of 
“external observer normality” when discussing 
the return of function in a wide range of neonatal 
pathologies [37]. When we zoom in on neonatal 
brachial plexus palsy, we see that this holds true. 
When children with NBPP are asked about their 
diagnosis and how it had affected their lives, the 
most likely answers were its impact on recre-
ational activities, activities of daily living 
(ADLs), as well as techniques involved in main-
taining an appearance of normality [38]. Social 
and emotional health were also frequent topics of 
discussion.

These results remain consistent into adoles-
cence, where we see that adolescents with previ-
ous diagnoses of NBPP were most concerned 
with their functional limitations [39]. There 
exists a mountain of evidence which suggests 
that physical impairment, self-image issues, and 
self-esteem are closely linked psychologically 
[40]. It is intuitive to assume that patients who 
were previously diagnosed with NBPP would 
have decreased self-esteem, and indeed there is 
evidence that children with physical disabilities 
are more likely to suffer from mental health 
issues while paradoxically tending to be more 
emotionally happy and self-confident with their 
condition than their parents [39]. Similarly, 
despite the difficulties that children with NBPP 
face, adolescents with NBPP score similarly to 
their normal counterparts on self-determination 
assessments, particularly when encouraged by an 
interdisciplinary program’s patient- and family- 
centered care approach.

 Discussion/Conclusion

As you can see from the information in this chap-
ter, although NBPP is technically a focal injury to 
the nerve roots supplying the brachial plexus, the 
injuries and conditions associated with NBPP are 
both unique and numerous. In addition to the 
direct impact on nerves and muscles of the upper 
extremity, we see conditions that impact the 
respiratory system, cranial vault, appendicular 
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skeleton, and even the psychological health of 
these children. Although as nerve surgeons we 
tend to focus on the restoration of both the 
degrees of movement and the power across joints, 
awareness of many conditions that can also pose 
as barriers to these children will aid the provider 
with the overall care of these patients. A focus on 
the multifactorial nature of function, like that laid 
out by the WHO-ICF, can help to optimize the 
overall outcome for children impacted by this 
condition.
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Clinical Examination of the Child 
with Brachial Plexus Birth Injury

Andrea S. Bauer and Peter M. Waters

 Introduction

The examination of a child with suspected bra-
chial plexus birth injury (BPBI) can be chal-
lenging. Children who have sustained a brachial 
plexus injury at birth will present to a variety of 
practitioners, at a variety of ages, with a variety 
of “chief complaints.” Infants often present with 
“r/o clavicle fracture,” while older children may 
present with scapular winging, limited overhead 
reach, reaching their hand to mouth with shoulder 
in abduction and forearm pronated, or an elbow 
flexion contracture of unknown origin. Further 
adding to the confusion, patients with many dif-
ferent conditions may present, misdiagnosed, 
for “evaluation of brachial plexus birth injury.” 
The most common of these rare other conditions 
is a neonatal stroke. Amidst this confusion, the 
goals of the clinical evaluation of the infant with 
a suspect brachial plexus birth injury (BPBI) are 
straightforward:

 1. Establish the correct diagnosis.
 2. Evaluate the extent of the nerve injury.
 3. Evaluate the extent of glenohumeral 

dysplasia.

This chapter will detail the clinical his-
tory and physical examination techniques to 
effectively evaluate the child with suspected 
BPBI. Subsequent chapters will describe the use 
of adjuvant imaging and electrodiagnostics to 
help with this evaluation.

 Taking the History

Specific conditions that must be ruled out include 
birth fracture, septic shoulder, arthrogryposis, 
and neonatal stroke or spinal cord injury. It is a 
medical school adage that “The history is 90% 
of the history and physical,” and this certainly 
applies to evaluating the infant with suspected 
BPBI.  We begin by asking the parents “What 
was it like when your child was born?”. Although 
parents may not know the term “shoulder dysto-
cia,” those who have experienced this obstetri-
cal emergency will describe doctors and nurses 
rushing into the room, someone calling a code or 
starting a large clock on the wall, and maneuvers 
such as someone pulling their legs over their head 
(McRoberts maneuver) or someone “jumping” 
on their stomach (suprapubic pressure). All of 
these signs of a difficult delivery should heighten 
suspicion for a brachial plexus birth injury. As the 
parents are describing the birth history, we con-
tinue with questions regarding other traditional 
risk factors for BPBI including gestational diabe-
tes, fetal macrosomia, and instrumented delivery. 
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Up to 50% of BPBI cases, however, are not asso-
ciated with shoulder dystocia or a difficult deliv-
ery, and a recent epidemiological study found 
that nearly 75% of documented BPBI cases in a 
large administrative database had no traditional 
risk factors [1, 2]. So while these questions can 
help “build the case” for a BPBI diagnosis, nega-
tive answers are not exclusionary.

We then ask how the child is doing now 
and what has changed since birth. The typical 
timeline of a brachial plexus birth injury is that 
parents notice immediately that the limb is not 
moving, followed by a gradual improvement in 
some movements (or lack thereof). When parents 
report that a limb was initially moving and is 
now not moving as well, the differential diagno-
sis should shift to infection, trauma, and neonatal 
stroke or cerebral palsy. This is also an oppor-
tunity to identify any other medical problems or 
sequelae of birth trauma, such as birth fractures 
and respiratory complications. Finally, we ask 
parents what they are most concerned about for 
the visit, to help frame the ongoing discussion in 
ways that matter to the family.

 Stages of Child Development

Before approaching the BPBI-specific examina-
tion, a review of the stages of child development 
may be helpful, particularly for those who most 
commonly see adult patients.

 0–3 Months

During this time period, the infant can already 
turn toward a parent’s voice and attend to a 
human face. But they are still fragile, with open 
fontanelles and poor head control. If they have 
sustained a brachial plexus birth injury and/or 
birth fracture, they may also still be in pain from 
the birth trauma. The exam should begin with the 
infant swaddled, either in their parent’s arms or 
on the exam table. Infants of this age will not yet 
have stranger anxiety, so if a better examination 
can be performed on the exam table, the infant 
should be quite comfortable to do so. Young 

infants will tend to hold both upper extremities 
with the arms adducted, elbows flexed, forearms 
pronated, and fists clenched, and they will not yet 
reach for toys and rattles. Instead, active motion 
can be elicited by tickling or stroking the area of 
interest (such as the back of the hand to elicit fin-
ger extension). Infant reflexes can also be used 
to the examiner’s advantage (Table 45.1). Infants 
with BPBI will generally have abnormal Moro 
and fencing reflexes on the affected side.

 3–12 Months

Late infancy is a time of rapid development in 
both gross and fine motor skills. Although each 
child’s development may progress differently, a 
6-month-old should be able to roll over and sit 
unsupported for at least short periods of time. 
They should readily put objects in the mouth and 
transfer objects between hands. By 12  months, 
infants should pull to stand and start to cruise 
(walking while holding onto furniture); many 
are walking by this time as well (average age of 
walking 13 months).

Toys can be very helpful in the examination of 
an older infant. It is our practice to allow babies 
to play with toys in the exam room while discuss-
ing the patient’s history with the family. This 
independent play allows for careful inspection of 
upper extremity function, and the examiner can 
gradually join in with the play to encourage spe-
cific movements. Once infants begin to eat finger 
foods, around 6 months of age, these finger foods 
can be very useful in examining the child’s  ability 

Table 45.1 Infant reflexes relevant to the brachial plexus 
examination

Reflex 
name Description Duration
Moro or 
startle

Back arches and extremities 
extend to startling stimulus

4–6 months

Tonic neck 
or fencing

When the head is turned to 
one side, the arm on that side 
will extend, while the 
opposite arm flexes at the 
elbow

6 months

Grasp Infant grasps fingers around 
an object placed in the palm

3–4 months
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to bring the hand to the mouth. Stranger anxiety 
generally peaks between 6 and 12  months of 
age. For this reason, more difficult portions of 
the examination (such as testing passive range of 
motion) are best accomplished with the child in 
the parent’s lap and at the end of the exam.

 1–5 Years

By 18 months, the child should be able to walk 
independently, say several intelligible words, 
and feed themselves with a spoon. A 2-year-old 
can run, speak in two- to three-word sentences, 
manipulate large buttons and zippers, and scrib-
ble with a crayon. A 3-year-old can speak in full 
sentences, throw and catch a ball, and hold a 
crayon with a tripod grip. By 5 years old, more 
complex fine motor skills are acquired, and the 
child’s hand dominance is generally established.

Whenever possible, toddlers and preschoolers 
should be given choices about the examination. 
Examples include “Do you want to sit on your 
mom’s lap or on the table?” and “Should we look 
at this hand first or that one?”. Having choices 
helps the toddler feel in control of the situation 
while you proceed with the necessary parts of the 
examination.

 5–12 Years

In general, school-aged children are much easier 
to examine than children less than 5 years. The 
examination can begin to follow a more adult 
pattern, and children can follow instructions so 
that motor strength can be directly examined. 
However, children at this age often require expla-
nations of the various parts of the examination. 
To use motor strength testing as an example, 
most adults will readily comply if you ask them 
to “bend your elbow and don’t let me straighten 
it.” While school-aged children can follow these 
instructions, the examiner needs to slow down 
and explain tests more completely. For more 
complex tests, demonstrating with a parent first 
can help. For example, you may say something 
like “Now I need to see how strong you are. Can 

you bend your elbow? Now hold it bent as strong 
as you can and don’t let me straighten it out.”

Modesty develops during the late elemen-
tary school and middle school years. Things that 
adults take for granted, such as men removing 
their shirts for a shoulder exam, are often much 
more sensitive concepts for children of this age. 
This is particularly true for the child with BPBI, 
who may already be struggling with the cosmetic 
differences of his or her arm as early as elemen-
tary school age. As the chest and shoulders are 
often an important part of the BPBI exam, the 
child should be given the opportunity to change 
into a gown while the examiner waits outside 
the room. During the exam, only the necessary 
body part should be exposed from the gown at 
one time.

 13–18 Years

During this time period, children’s developmen-
tal skills are much like adults, but their social 
and cognitive skills are still maturing. Modesty 
remains an issue and should be addressed as 
above. In addition, there may be certain parts 
of the examination or interview that are better 
addressed without the parents in the room. The 
examination can generally proceed as for adults. 
However, teenagers are still less accustomed to 
the doctor’s office than are adults, so each part 
of the examination should be explained, and any 
tests that may elicit pain should be discussed 
beforehand. Teenagers, especially females, 
should either have parent or same-sex profes-
sional such as a nurse in room during exam.

 Specific Examination for the Child 
with BPBI

 Observation

The child is first observed at rest and at play in 
the examination room (Fig. 45.1). While the rea-
son for the visit and history are discussed with 
the parents, the surgeon should keep one eye 
on the child at play. Through play, you can see 
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whether bilateral upper extremities are symmet-
ric in appearance and whether the child uses both 
hands equally or tends to favor one over the other.

 Inspection

Signs of trauma (ecchymosis, swelling, lacera-
tions, abrasions) and active infection (swelling, 
erythema) can be detected easily by inspection. 
In addition, careful inspection should include an 
assessment of the following:

Overall limb length, hand size, and muscle 
girth The length and size of the arm is generally 
smaller than the contralateral side over time (not 
in infancy), but not necessarily in proportion to 
the severity of the nerve injury. Bae and col-
leagues found that the average overall size of the 
limb is about 95% that of the contralateral side, 
but that the size did not correlate with active 
movement scores of the arm [3].

Scapular winging Scapular winging is 
extremely common in children with BPBI who 
have had an incomplete upper trunk recovery. 
This is due in part to variable paralysis of the 
scapular motors, as well as compensatory use of 
scapulothoracic motion to make up for limited 
true glenohumeral motion.

Putti sign The Putti sign describes the obliga-
tory elevation of the medial angle of the scapula 
that occurs when a child with an abduction con-
tracture attempts to put the arm in full adduction. 

Often this is associated with posterior glenohu-
meral instability or dislocation.

Nail deformities/hand wounds Young children 
with global injuries have altered sensation in the 
hand. They often respond to this altered sensation 
with self-mutilating behaviors, including biting 
and scratching the involved areas. This can result 
in repeated infections and even autoamputation of 
fingertips. Parents often do not bring this issue up 
with surgeons, but close inspection of the finger-
tips will show signs of this behavior and its extent.

 Active Range of Motion

Active range of motion can be observed at play 
in younger children, as discussed above. The 
Active Movement Scale and Toronto Test Score, 
described below, are extensions of this play- based 
examination that can yield significant information 
regarding motor function in even young infants 
with BPBI. By using familiar activities such as 
a “high five” for finger extension or “fist bump” 
for finger flexion, active range of motion can be 
directly tested in children as young as 1–2 years. 
Children over the age of 3  years can generally 
participate with testing the more specific move-
ments such as are required for the Mallet score. 
The AMS, Toronto Test Score, and Mallet score 
are all performed at this point in the examination.

 The Active Movement Scale

The Active Movement Scale (AMS) was devel-
oped at The Hospital for Sick Children in Toronto 
and first published in 2002 [4]. This system is 
ideal for evaluating infants and young children, 
as it allows for a rough measurement of muscle 
strength without requiring the child to follow 
commands. Rather, through a combination of 
positioning the child and observing them at play, 
the examiner records the status of 15 active move-
ments of the upper extremity, each of which is 
graded on a scale of 0–7 (Fig. 45.2). Each move-
ment is first examined with gravity eliminated, 
and if full motion (within the child’s available 

Fig. 45.1 Clinical photo of play-based examination. 
(Photo courtesy of Shriners Hospitals for Children—
Northern California)
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Active Movement Scale

Involved Side (R/L)

Motion Movement Grade

Shoulder Abduction

Shoulder Abduction

Shoulder Flexion

Elbow Flexion

Elbow Extension

Wrist Flexion

Wrist Extension

Finger Flexion

Finger Extension

Thumb Flexion

Thumb Extension

Forearm Pronation

Forearm Supination

Shoulder External Rotation

Shoulder Internal Rotation

Movement Grade Key

Grade

Gravity
eliminated

Against
gravity

Observation

0

1

2

3

4

5

6

7

No muscle tone or contraction

Muscle contraction, no motion

Joint motion ≤1/2 range

Joint motion >1/2 range

Full joint motion

Joint motion ≤1/2 range

Joint motion >1/2 range

Full joint range

Fig. 45.2 Worksheet for active movement scale examination. (Image courtesy of Children’s Orthopaedic Surgery 
Foundation)
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range of motion for that joint) is achieved, that 
movement is then graded against gravity.

During the AMS examination, movement 
is assessed within the age-appropriate range of 
motion, using the uninvolved contralateral limb 
as a control. Wrist extension should be tested 
while the child is making a fist or holding a small 
object such as a pencil, so that finger extension 
cannot be used to substitute for true wrist exten-
sion. Finger extension is evaluated as extension 
of the metacarpophalangeal joints, while finger 
flexion is evaluated as the distance at rest between 
the fingertips and the palm.

In our experience, this test is best performed 
with two examiners, generally a physician and an 
occupational therapist. This allows one examiner 
to position the child while the other offers toys 
(Fig.  45.3). It also allows for flexibility in the 
examination, as the child may prefer one exam-
iner, or a certain motion might be best observed 
from one angle in the room versus another.

 The Toronto Test Score

Several movements of the AMS have been col-
lected in a simplified manner to create the 
Toronto Test Score (TTS) [5] (Fig.  45.4). In 
this score, elbow flexion, elbow extension, wrist 

extension, finger extension, and thumb exten-
sion are each graded on a scale of 0–2, for a total 
possible combined score of 10. The TTS was 
designed to predict the need for nerve surgery in 
BPBI at 3 months of age. In the original study, 
the authors found that an infant’s score on this 
test at 3 months of age could accurately predict 
their recovery at 12  months of age. A score at 
3 months of less than 3.5 out of 10 predicts poor 
recovery at 12 months, while a score of greater 
than 3.5 predicts good recovery. The authors sug-
gest that although all infants should be followed 
closely as their recovery progresses, those with 
a score over 3.5 at 3 months are unlikely to need 
microsurgical intervention. However, because 
the TTS does not evaluate any movements of the 
shoulder, it cannot predict those infants who may 
benefit from nerve surgery to improve a severe, 
but isolated, upper trunk injury.

 The Mallet Score

For older children with BPBI, the Mallet score 
and the modified Mallet score are commonly 
used tests of shoulder function. The original 
Mallet test focuses on functional activities that 
require shoulder motion and is particularly 
weighted toward activities involving shoulder 
external rotation [6]. The Mallet score has been 
modified over the years by several authors. We 
favor the modification of Abzug and colleagues, 
which added an internal rotation measure in an 
attempt to balance out the movements tested 
in the Mallet exam [7] (Fig.  45.5). Although 
younger children can be enticed to perform the 
movements of the Mallet score using toys and 
stickers as with the AMS examination, the Mallet 
score is easiest once a child can actively cooper-
ate, around 2–3 years of age. The specific move-
ments include active global abduction, external 
rotation (performed at the side), and hand-to- 
neck, hand-to-mouth, and hand-to-spine move-
ment, with internal rotation added in the modified 
Mallet score. The score is calculated by grading 
each activity on a scale of 0–5. It is important to 
remember that on this scale, a score of 0 indi-
cates that the particular movement was not test-

Fig. 45.3 Clinical photo of surgeon and therapist per-
forming active movement scale examination. (Photo cour-
tesy of Shriners Hospitals for Children—Northern 
California)
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able, generally because the child was too young 
or unwilling to cooperate.

The reliability of the AMS, Toronto Test 
Score, and Mallet examinations was evaluated 
by Bae et  al. [8]. The authors found excellent 
inter- observer reliability for the individual com-
ponents of the Mallet score and the AMS score, 

while inter-observer reliability of the Toronto 
Test Score was rated as good. The same authors 
also studied the ability of these exam scores to 
predict quality of life in children with brachial 
plexus birth palsy, as measured by the Pediatric 
Outcomes Data Collection Instrument [9]. They 
found that all three scores (Mallet, Toronto Test 

Toronto Score

Toronto Score Clinical Grade Numerical Grade

Elbow Flexion

Elbow Extension

Wrist Extension

Finger Extension

Thumb Extension

Total Score:

Toronto Score Grading System

Observation (Against Gravity) Clinical Grade Numerical Score

0No joint movemwnt

50% range of movement

Full range of movement

Flicker of movement

Les than 50% range

More than 50% range

Good but not full range

0 +

1 -

1

1 +

2 -

2

0.0

0.3

0.6

1.0

1.3

1.6

2.0

Fig. 45.4 Worksheet for Toronto test score examination. (Image courtesy of Children’s Orthopaedic Surgery 
Foundation)
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Score, and Active Movement Scale) could pre-
dict the global function, upper-extremity func-
tion, and sports/physical function domains of the 
Pediatric Outcomes Data Collection Instrument 
or PODCI. For this reason, it is our practice to 
continue to collect all three scores throughout 
childhood.

 Passive Range of Motion

Particularly in young children and those with 
contractures, passive range of motion can be 
painful and should be saved for the last portion 
of the examination. We find the following passive 
range of motion measurements important in chil-

Mallet Score

Motion Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Global Abduction

Global External
Rotation

Hand to Neck

Hand on Spine

Hand to Mouth

Not testable No function Normal

Normal

Normal

Normal

Normal

No function

No function

No function

No function

Not testable

Not testable

Not testable

Not testable

<30° 30° to 90° >90°

<0° 0° to 90° >20°

Not possible Difficult Easy

Not possible S1 T12

Marked trumpet
sign

Partial trumpet
sign

<40° of
abduction

Fig. 45.5 Worksheet for modified Mallet score examination. (Image courtesy of Children’s Orthopaedic Surgery 
Foundation)
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dren with BPBI. All measurements are repeated 
on the contralateral side, as normal values can 
vary widely:

 (a) Scapulohumeral angle. The arm is extended 
overhead while stabilizing the position of the 
scapula. The scapulohumeral angle is the 
angle between the lateral border of the scap-
ula and the humerus.

 (b) Passive external rotation. The arm and scap-
ula are stabilized in either full adduction or 
90  degrees of abduction and externally 
rotated as much as possible. The angle 
between the forearm and the trunk is 
recorded. In the abducted position, the scap-
ula is stabilized in an attempt to record true 
glenohumeral rotation.

 (c) Passive adduction. The arm is brought fully 
to the side while monitoring the position of 
the scapula. We record the angle between the 
lateral scapula and the humerus as an abduc-
tion contracture angle in degrees.

 (d) Passive elbow extension. The elbow is maxi-
mally extended. We record the angle between 
the forearm and humerus as an elbow flexion 
contracture angle in degrees.

 (e) Passive pronation and supination. When 
measuring forearm range of motion, the 
examiner should stabilize the child’s elbow 
against their side with one hand and rotate 
the distal forearm with the other hand. This 
prevents compensatory motion of the shoul-
der and wrist from affecting the measured 
rotation.

 Synthesis of Clinical Information

As discussed above, the goals of the evaluation 
of a child with suspected BPBI are to establish 
the diagnosis and evaluate the extent of both the 
nerve injury and the glenohumeral dysplasia, if 
present. It is important to remember that although 
glenohumeral dysplasia is secondary in etiology 
to the nerve injury, the issues that arise, and the 
necessary treatment decisions, are often concur-
rent in timing. The use of ancillary testing will be 
discussed in a subsequent chapter, but as there is 
not yet a single test that can predict the need for 

surgical intervention, we favor repeated examina-
tions over time to determine which infants will 
benefit from surgery. Repeated clinical examina-
tion ensures that a reasonable approximation of 
reality is being seen in the clinic room while also 
allowing the surgeon to monitor the recovery pro-
cess for plateaus.

In our practice, children with a clearly flail 
limb are offered surgery after 3 months of age, 
when it becomes clear that the entire limb is 
affected with more than a stretch injury. The 
decision is made at this time because our center 
is well-equipped for complex surgery in young 
babies, so we believe we can do so safely. For 
these reasons, there is no benefit to delaying sur-
gery once the decision is made. For upper trunk 
injuries, decision-making is more complex. We 
offer nerve surgery between 5 and 9 months for 
those infants who have not demonstrated anti-
gravity shoulder abduction and/or elbow flex-
ion. At the same time, we pay careful attention 
to the passive glenohumeral joint motion on 
serial physical examination. If the nerve injury 
appears to be recovering, but passive shoulder 
motion is limited, we consider shoulder surgery, 
even at a young age. If there is a plateau in nerve 
recovery along with limited passive shoulder 
motion, combined treatment of both the nerve 
injury and the glenohumeral dysplasia is con-
sidered. As will be discussed later, ultrasound 
and MRI scan exams are helpful in evaluating 
and quantifying glenohumeral deformity and 
alignment.
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Abbreviations

BPBI Brachial plexus birth injury
CMAP Compound motor action potentials
EDX Electrodiagnostic testing
EMG Electromyography
NAPs Nerve action potentials
SSEPs Somatosensory evoked potentials

 Introduction

The optimal timing of surgical treatment for BPBI 
constitutes a major dilemma and is the subject 
of considerable debate. Data from animal stud-
ies suggest that early nerve repair leads to better 
functional results, but currently, time is needed 
to clinically distinguish milder lesions, which 
do not require surgery from more severe lesions, 
which should be treated as soon as possible. 
Currently, neurological evaluation at 3  months 
is generally regarded as the main criterion for 
the fundamental decision to perform nerve sur-
gery or not. Ideally, the aim of electrodiagnostic 

testing (EDX) should be to identify injuries that 
require surgery well before this 3  month time 
point. Depending on test characteristics, such a 
test would have two benefits: if the test is spe-
cific enough, surgery can be performed on those 
that require it at the earliest possible time, and a 
highly sensitive test would reduce uncertainty for 
parents of children with lesions that are expected 
to recover spontaneously.

Indeed, in adult patients with a brachial plexus 
traction injury, EDX is widely used and has been 
proven a useful tool for diagnosis and prognos-
tication. There is controversy, however, whether 
the use of EDX is as useful in children with a 
BPBI. Some argue that EDX has no added value 
at all [1, 2], whereas others strongly recommend 
performing EDX on all patients with BPBI [3].

Similarly, the value of intraoperative neuro-
physiological testing is uncertain. A neurophysi-
ological test that allows the identification of nerve 
elements or will show spontaneous recovery 
would greatly enhance surgical decision- making. 
Intraoperative neurophysiological monitoring is 
widely used, but its exact effect on the outcome 
of surgery remains uncertain.

A recent systematic review of the literature 
identified 16 observational studies with a total 
sample size of 747 children [4]. A wide varia-
tion was found in EDX techniques, outcome 
algorithms, and decision-making; pooling of 
data proved impossible. Risk of bias and quality 
of evidence were rated. Nevertheless, the most 
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methodologically sound studies were claimed 
to support the use of EDX, at standardized time 
frames, as prognostic modality complementing 
clinical evaluation and neuroimaging.

To understand the difficulties in interpretation 
of EDX in children with BPBI, it is necessary to 
consider the specific pathophysiology of BPBI. As 
in any nerve, the traction injury in BPBI may 
result in neurapraxia, axonotmesis, neurotmesis, 
or root avulsion [5]. The main difference between 
adult traumatic lesions of the brachial plexus and 
BPBI is that the traction forces are low-velocity 
and with longer duration, which will probably lead 
to a different type of traction injury. In effect, dur-
ing surgical exploration of BPBI, a true rupture 
as found in adults is encountered seldomly. The 
key finding of postganglionic injury in BPBI is the 
neuroma-in- continuity in which only impaired, 
disorganized axonal outgrowth has taken place [6, 
7]. It may be more appropriate to classify these 
neurotmetic lesions between a grade 3 and grade 4 
severity according to the Sunderland classification 
[8]. Some axonal outgrowth is usually encoun-
tered through the neuroma. This axonal continu-
ity may result in electrodiagnostic continuity. The 
related clinical recovery is, however, variable and 
unpredictable. In this respect a gold standard of the 
diagnosis to compare neurophysiologic findings is 
unavailable, and there is a risk of circular reason-
ing [9]. Additionally, cross-fiber excitation inside 
the neuroma-in-continuity may further compli-
cate interpretation [10]. Another striking feature 
in BPBI is axonal misrouting [11]. This may lead 
to unexpected electromyographic findings in dif-
ferent myotomes. A second difficulty for efficacy 
of EDX in BPBI is that the resulting nerve injury 
often consists of a mixture of postganglionic and 
preganglionic injury, in which the upper nerves 
(C5 and C6) are more likely to exhibit a postgan-
glionic injury while the lower nerves (C7, C8, and 
T1) are more likely to be avulsed from the spinal 
cord, as has been shown in experimental settings 
and in imaging studies [12, 13]. The mixed charac-
ter of the injury may complicate the interpretation 
of EDX findings. Due to these pathophysiologic 
mechanisms, the utility of electrodiagnostic con-

tinuity for prognostication is uncertain in children 
with BPBI.

The value and difficulties of different EDX 
modalities will be discussed for needle electro-
myography (EMG), nerve conduction studies, 
and intraoperative neurophysiology.

 Electromyography

One specific feature of needle EMG is that spon-
taneous muscle activity (denervation) is not as 
often found in BPBI as in adults. In view of the 
short length and smaller diameter of the axon, 
it is logical to expect signs of denervation ear-
lier than in adults, and after restoration of some 
axonal continuity, denervation will disappear 
more quickly than in adults [14]. In fact, we 
found denervation activity starting after as few 
as 5 days, which contrasts with many textbooks 
indicating that denervation activity starts from 10 
to 14 days after axonal discontinuity in adults. At 
the age of 1 month, two-thirds of children showed 
denervation in the deltoid muscle, which lasted 
through the age of 3 months in only 14% of chil-
dren [15]. Other authors found that all denerva-
tion activity had disappeared after week 19 [16].

A traditional timing to decide whether surgi-
cal repair of BPBI is necessary was defined by 
Alain Gilbert as absent biceps muscle recovery at 
the age of 3 months [17]. EMG performed at that 
age usually shows a discrepancy: in the major-
ity of patients, motor unit potentials are seen in 
clinically paralyzed muscles [18]. This can be 
explained in five ways: an overly pessimistic 
clinical examination; overestimation of EMG 
recruitment due to small muscle fibers; persistent 
fetal innervation; developmental apraxia; and 
misdirection, in which axons reach inappropriate 
muscles [14]. If the presence of motor unit poten-
tials is interpreted as the start of recovery, and 
a nonsurgical treatment strategy is chosen, the 
eventual clinical recovery is often disappointing.

We prospectively studied a consecutive group 
of 48 infants with BPBI at the age of 1  week, 
1 month, and 3 months and gathered clinical data 
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and EMG at these 3 time points [19]. As endpoints 
in this study, we defined a dichotomous outcome 
as either a severe lesion, i.e., the surgical find-
ings of neurotmesis of root avulsion, or favorable 
neurological recovery after 2 years without nerve 
reconstruction. We could make a useful predic-
tion of outcome already at the age of 1  month 
based on clinical recovery of elbow flexion and 
extension, aided with needle EMG of the biceps. 
This signifies that complete axonal  discontinuity 
to the biceps muscle at the age of 1 month is a 
good predictor of eventual outcome. EMG of the 
biceps lost its predictive value at 3 months of age. 
In clinical practice this simple test enables early 
prognostication, which is of great value in early 
counseling the parents already at 1 month of age 
to express an optimistic or pessimistic expecta-
tion of outcome (Fig.  46.1). In our institution, 
neurological evaluation at 3–4  months remains 
the main indicator at which the fundamental 
decision to perform nerve surgery or not is taken.

 Nerve Conduction Studies

One of the earlier papers that promoted the use of 
nerve action potentials (NAPs) dates from 1996 
[20]. NAPs were recorded using surface (skin) 
electrodes from the median and the ulnar nerves 
in both forearms, with percutaneous stimulation 
at the wrist and recording at the elbow. A favor-
able nerve lesion was defined as a normal NAP 
amplitude (i.e., >50% of the uninjured side). This 
diagnostic algorithm was employed in a cohort of 
73 children [3]. Based on a combination of NAP 
results and EMG findings, the authors predicted 
outcome correctly for C6 and C7 in 92% and 96% 
of the cases, respectively. The inability to record 
nerve action potentials for C5 led to a predictive 
value in a smaller proportion of cases (78%).

The use of sensory NAPs has been advocated 
as a diagnostic method for detecting root avul-
sions. The presence of a normal sensory NAP or 
an amplitude greater than 50% of normal com-
pared to the uninvolved site together with EMG 
abnormalities in the corresponding muscles is 
accepted as a main criterion for avulsion. One 
patient series that promotes the use of NAPs 
examined 13 infants and claims that electromy-
ography can be of great value to identify patients 
with a poor prognosis [21]. In this study, how-
ever, all children with an upper-type lesion recov-
ered well, and all children with a total lesion had 
a poor outcome, suggesting that in this patient 
series, clinical outcome was determined by the 
extent of the lesion and the added value of NAP 
measurements to clinical evaluation was limited. 
Another study in 54 patients claimed an overall 
accuracy of the detection of preganglionic lesions 
of 74% for EDX (a combination of sensory NAPs 
and EMG) for all nerve roots [22]. The presence 
of a preganglionic injury implies an indica-
tion for surgery, as spontaneous recovery does 
not occur in these avulsion injuries. The actual 
diagnosis was made during surgery. The overall 
sensitivity of detecting preganglionic lesions by 
EDX was low (31%), but the specificity was high 
(90%). The authors compared EDX to imaging, 
where they found an overall sensitivity of detect-

item 1
active elbow extension

absentpresent

item 2
active elbow flexion

evaluation
(age 4-6 weeks)

absentpresent

item 3
EMG biceps MUPs

absentpresent

prognosis favorable prognosis unfavorable

Fig. 46.1 Our proposed algorithm to evaluate the prog-
nosis of a BPBI at the age of 4–6 weeks. An absent elbow 
extension against gravity reflects a lesion with involve-
ment of the lower roots, so on clinical grounds it concerns 
a severe lesion with unfavorable prognosis. When both 
active elbow extension flexion and elbow extension dem-
onstrate movement against gravity, the prognosis is favor-
able. When elbow flexion is not strong enough for 
movement gravity (with the child in supine position and 
the arm brought in 90 degrees abduction), an EMG is per-
formed. The absence or presence of MUPs determines 
prognosis
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ing preganglionic lesions of 66%, and an overall 
specificity was 70%. The low sensitivity to iden-
tify preganglionic lesions limits NAP use as a 
sole diagnostic entity, although the combination 
of NAP and needle EMG is of use to detect root 
avulsions.

 Intraoperative Neurophysiology

Direct stimulation of nerves during surgery and 
evaluation of elicited muscle contractions and 
strength is widely performed, but no clinical stud-
ies have evaluated the effectiveness of this quali-
tative evaluation. Intraoperative NAP recording 
was introduced by Kline in 1969 [23]. It was 
employed in BPBI, specifically to decide whether 
a neuroma in continuity should be resected or 
that simple neurolysis was sufficient [24]. When 
an amplitude decrease of 50% or more across 
the neuroma was present, neuroma excision and 
grafting was performed. This threshold has never 
been validated, which was the reason for us to 
perform a study in 95 infants [25]. We measured 
NAPs and elicited compound motor action poten-
tials (CMAP) during surgery and classified the 
severity of the nerve lesion irrespective of the 
EDX findings. Although axonotmesis, neurotme-
sis, and avulsion could be distinguished on group 
level, we were unable to identify valid cutoff 
points for the individual patient to facilitate the 
decision of whether to resect a neuroma-in-con-
tinuity and graft or leave the nerve-in-continuity 
and perform neurolysis.

Intraoperative EDX was also advocated by 
Chin et  al. They used CMAP recordings after 
direct intraoperative stimulation, but instead of 
comparing the amplitude resulting from stimu-
lation proximal and distal to the neuroma, they 
looked at the morphology of the CMAP to help in 
the decision-making process [26]. Roughly two- 
thirds of their surgically treated patients (22 of 
32) underwent neurolysis only, which resulted in 
good recovery of abduction and elbow flexion but 
poor recovery of external rotation. In our opin-
ion, external rotation is the hallmark function of 

recovery in BPBI patients, and therefore their 
algorithm was unable to predict poor shoulder 
recovery, which makes it less useful.

Another modality that has been used intraop-
eratively is the somatosensory evoked potential 
(SSEP) to detect root avulsions. The combination 
of an intact sensory nerve action potential with 
an absent cortical SSEP is indicative of a dorsal 
root avulsion lesion. However, data on the clini-
cal utility of this technique is very limited [26].

SSEPs cannot be used to evaluate integrity of 
motor pathways. In adults, motor evoked poten-
tials have been used to identify root avulsion 
injuries [27], but to our knowledge, this tech-
nique has not been used in BPBI patients.

 Conclusion

Although EDX is often performed for the evalu-
ation of lesion severity, the added value to a 
proper serial neurological evaluation is uncer-
tain. Needle EMG at 3 months, the timing when 
a decision has to be taken to perform nerve recon-
struction or not, is often too optimistic. Nerve 
conduction studies to detect root avulsions have 
a high specificity but low sensitivity. Moreover, 
as root avulsions primarily occur in the lower 
roots, the added value to neurological evaluation 
is questionable. Intraoperative neurophysiology 
was, in our hands, insufficient to aid in intraop-
erative decision-making. The main indication for 
EDX in our view is needle EMG at 4–6 weeks of 
age which expresses an optimistic or pessimis-
tic prognosis for outcome, which is helpful for 
counseling parents at an early stage and enables 
timely referral to a specialized center.
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Brachial Plexus Birth Injuries: 
Evaluation—Radiologic Evaluation

Felix E. Diehn, Julie B. Guerin, V. Michelle Silvera, 
and Laurence J. Eckel

 Introduction

Imaging is critical in the evaluation of pregan-
glionic brachial plexus birth injury (BPBI). As 
in adults, the timely identification of nerve root 
avulsions is a vital component of prognostica-
tion and surgical decision-making. The primary 
modalities used to assess injuries proximal to 
the dorsal root ganglia in children are com-
puted tomography myelography (CTM) and 
magnetic resonance imaging (MRI), including 
myelography- type MRI sequences. Please refer 
to the chapter on adult BPI radiologic evaluation 
for details on these modalities, the normal imag-
ing anatomy, and the findings of preganglionic 
BPI in non-penetrating trauma. This brief chap-
ter is complementary, addressing unique consid-
erations for the pediatric patient, with a focus on 
the choice of CTM vs. MRI in BPBI. Similar to 
the chapter on adult imaging, additional radio-
logical evaluation for postganglionic injuries, 
with not only MRI and radiographs but also 
ultrasound in the neonate, is beyond the scope 
of this chapter and well-covered by other refer-
ences [1–4]. Note that the findings of pregangli-
onic injury in children, including but not limited 
to the primary findings of nerve root avulsions 

and pseudomeningoceles (Figs.  47.1 and 47.2), 
are the same as in the adult.

 CTM vs. MRI in Pediatric Patients

In adults, as covered in the prior chapter, CTM 
is the imaging gold standard and probably the 
first choice for advanced imaging of pregangli-
onic BPI at most institutions. But MRI also per-
forms very capably in this clinical scenario. Due 
to their differing advantages and disadvantages, 
CTM and MRI are considered by many to be 
complementary. Especially in pediatric patients, 
the minimal risks of CTM are more carefully 
considered. Specifically, minimizing radiation 
dose is a higher priority; in fact, the principle 
is to keep radiation dose to the patient as low as 
reasonably achievable (ALARA) [5, 6]. A guid-
ing principle in pediatric care is also to avoid 
invasive procedures when possible, even if they 
are only minimally invasive. Thus, all other fac-
tors being equal, MRI would be preferred over 
CTM. However, given the complementary nature 
of the modalities, several nuanced aspects are 
worth highlighting.

In the evaluation of pediatric preganglionic 
BPI, particularly in the setting of BPBI, cur-
rently CTM is still technically considered by 
many to be the gold standard advanced imaging 
test (Fig. 47.1) [7–11]. However, there is a sig-
nificantly growing trend toward MRI (Fig. 47.2) 
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[7, 9, 11–13]. The earlier data on MRI was vari-
able, with relatively low diagnostic performance 
in identifying preganglionic injuries in babies 
in some studies [14]. Other authors published 
more encouraging data of the utility of MRI 
[15], including when heavily T2-weighted (T2/
T1) three-dimensional gradient echo sequences 
with very high contrast to noise ratio and fewer 
flow artifacts were added [16]. Several more 
recent publications demonstrate relatively high 
sensitivity, specificity, and accuracy for MRI in 
this setting [12, 17]. Indeed, some centers now 
use MRI as their first-line imaging examination 
and predict that it will widely replace CTM [7, 

11]. For some physicians or in some cases, the 
images produced by MRI may be more confi-
dently interpreted than those produced by CTM, 
including for the diagnosis of nerve root avul-
sions (Fig. 47.2).

It is notable that large studies and robust 
head- to- head comparisons of the modalities 
are lacking in the birth trauma-related brachial 
plexus injury setting. For example, a 2014 
study by Somashekar demonstrated MRI sen-
sitivity and specificity for preganglionic root 
avulsion of 75% and 82%, respectively, num-
bers which are comparable to the performance 
of CTM reported in the literature. However, 

a b c

d e f

Fig. 47.1 Complete ventral and dorsal nerve root avul-
sions and pseudomeningocele in a 5  month-old male. 
CTM (a–c) and heavily T2-weighted three-dimensional 
gradient echo MR images, FIESTA sequence (GE) (d–f). 
On both examinations, images were acquired in the axial 
plane (a, d) and reformatted in oblique coronal (b, e) and 
sagittal (c, f) planes. A right C7–T1 pseudomeningocele 

(arrows in a–f) mildly deforms the right lateral aspect of 
the thecal sac. Neither the right C8 ventral nor dorsal 
nerve roots are evident. In contrast, the normal left C8 
ventral and dorsal roots are well visualized (arrowheads in 
a, d). The normal C8 dorsal root on the left is shown in the 
coronal plane (arrowheads in b, e). Both modalities depict 
the abnormalities similarly well
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the study did not have CTM as a comparison 
and included only 13 patients who underwent 
MRI, with just six undergoing comparison 
to the ultimate reference standard of surgery 
[17]. Radiologists may also be less confident 
in interpreting MRI examinations than CTM 

[11], and MRI is more likely to be degraded 
by artifact or be otherwise nondiagnostic [16]. 
Indeed, just as for adults, surgeon and/or radi-
ologist preference as well as patient-specific 
factors may also factor heavily into the choice 
of modality [18].

a c f

d g

e h

b

Fig. 47.2 Complete ventral and dorsal nerve root avul-
sions and pseudomeningoceles in a 7  month-old male. 
Heavily T2-weighted three-dimensional gradient echo 
MR images, FIESTA sequence (GE) (a, c–f) and CTM (b, 
g, h) in the coronal (a, b) and axial (c–h) planes. Axial 
images are at the normal C5–C6 level (c) and at the abnor-
mal C6–C7 (d, g), C7–T1 (e, h), and T1–T2 (f) levels. 
Communicating left C6–C7 and C7–T1 pseudomeningo-
celes are readily seen on both modalities (arrows in a, b, 
d, e, g, h), with mild deformation of the left lateral aspect 
of the thecal sac. The presence/absence of nerve roots is 

slightly better appreciated on MR than CTM.  Normal 
nerve roots (arrowheads in c–h) are present ventrally and 
dorsally at C5–C6 bilaterally (c) but only on the right at 
C6–C7 (d, g), C7–T1 (e, h), and T1–T2 (f). The neurora-
diologist in this case felt more confident diagnosing com-
plete ventral and dorsal C7, C8, and T1 nerve root 
avulsions on the left at C6–C7, C7–T1, and T1–T2 on 
MRI than on CTM.  The CTM was performed after the 
MRI, did not significantly affect interpretation, and could 
have been obviated by the diagnostic quality MR images
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 Rational Approach to Modality 
Choice in Pediatric Patients

Head-to-head studies comparing MRI to CTM 
may never be done, for bioethical reasons, since 
CTM is invasive and exposes the child to ionizing 
radiation. In addition, a 2014 study by Tse showed 
that using both modalities did not increase diag-
nostic accuracy [11]. In the past both CTM and 
MRI in a baby generally required general anes-
thesia, or at a minimum sedation [8]. However, 
in current clinical practice, MRI in newborns and 
young infants can often be accomplished without 
sedation, with feeding and swaddling of the baby 
sufficing. After 3 months of age, this technique 
is less reliably successful and sedation may be 
necessary. If practically feasible, one potential 
approach that factors in the preference for MRI 
in children and the relative risks of anesthesia 
and CTM to the baby, is to start with an MRI 
without sedation (feeding and wrapping only). If 
the study is equivocal or nondiagnostic (e.g., if 
it suffers from significant artifact at the relevant 
side/levels) and if resource utilization allows, this 
attempt of avoiding sedation could be repeated. 
If the MRI is still not of diagnostic quality, one 
could proceed with repeat MRI under sedation/
anesthesia and then proceed only with immedi-
ately subsequent CTM under anesthesia if the 
MRI remains equivocal or nondiagnostic. Such 
an approach could reduce the number of CTMs 
performed in these pediatric patients and would 
limit the need for multiple sessions of sedation/
anesthesia. This tactic has been used at our cen-
ter on occasion, but it has not been formally vali-
dated. It would align with the suggestion by some 
advocates of MRI that CTM should no longer be 
routinely performed in addition to MRI in this 
clinical scenario [7, 11].

 Pediatric Imaging Technical 
Considerations

Several technical considerations enable optimal 
imaging evaluation of pediatric preganglionic 
BPI.  Unlike in adults, for CTM, the volume of 
iodinated contrast administered into the thecal 

sac is calculated based on a weight-based proto-
col. Multidetector CT scanners (e.g., 64-slice or 
128-slice) are ideal, enabling optimal submilli-
meter slice thickness of approximately 0.625 mm 
[1]. In addition to the acquired axial images, 
reformatted sagittal and coronal images are criti-
cal to visualize the small caliber nerve roots. For 
myelographic MR technique, it is essential to 
employ heavily T2-weighted three-dimensional 
gradient echo sequences with very high contrast 
to noise ratio and fewer flow artifacts. Trade 
names for such sequences include fast imaging 
employing steady-state acquisition (FIESTA) 
on General Electric (GE) magnets, constructive 
interference in steady state (CISS) on Siemens 
machines, and balanced FFE on Philips mag-
nets. Generally, 3 Tesla field strength is prefer-
able over 1.5  Tesla due to the former’s higher 
signal- to- noise ratio [1]. A slice thickness of 
approximately 0.5–0.9 mm is preferred [1, 11]. 
Acquisition times are variable (approximately 
2–8 minutes) [11] and increased by thinner slice 
thickness. Imaging can be performed in any 
plane (axial, sagittal, and coronal). Which acqui-
sition plane is optimal may be vendor, sequence, 
and patient dependent, and more than one plane 
of acquisition may be required in a given patient. 
Once acquired, the images are typically reformat-
ted in both of the orthogonal planes.

 Summary

Advanced imaging with either CTM or MRI 
plays a critical role in the evaluation of pediat-
ric preganglionic BPBI. The imaging findings of 
pediatric preganglionic BPBI do not differ from 
those in adults, with the primary goal of imaging 
being to detect nerve root avulsions and pseu-
domeningoceles. CTM is historically considered 
the imaging gold standard and remains the first 
choice for advanced imaging at some centers. 
However, in pediatric patients, it is important 
to minimize exposure to ionizing radiation and 
avoid anesthesia and even minimally invasive 
procedures when possible. Thus, there is a grow-
ing trend toward MRI, which also offers excel-
lent diagnostic performance for the evaluation of 
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brachial plexus birth palsy. A rational approach 
would be to start imaging in this clinical scenario 
with MRI and only move on to CTM if the MRI 
findings are less than definitive.
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Priorities of Treatment 
and Rationale (Babies Are Not 
Small Adults)

Scott H. Kozin, Dan A. Zlotolow, 
and Francisco Soldado

 Diagnosis and Classification

Injury severity is measured using the Narakas 
classification that divides brachial plexus birth 
injuries (BPBI) into four groups (Table 48.1) [1]. 
Group 1 is the classic Erb-Duchenne palsy (C5 
and C6). Group 2 is the extended Erb-Duchenne 
palsy (C5, C6, and C7). Groups 3 and 4 are total 
plexus palsies separated by the absence (Group 3) 
or presence of a Horner syndrome (Group 4). The 
presence of a Horner syndrome (drooped eyelid, 
constricted pupil, and sweating deficiency along 
the affected side of the face) suggests an avul-
sion injury at C8 and T1 (Fig. 48.1). This finding 
portends an unfavorable independent prognostic 
value for recovery [2, 3]. The Narakas 1, 2, and 
3/4 groupings have been shown to have prognos-

tic power, with dramatically lower rates of full 
recovery for Narakas 3 and 4 patients compared 
to both 1 and 2 [2, 4, 5].

Active motion is graded according to the Active 
Movement Scale (AMS) developed at The Hospital 
for Sick Children in Toronto, Canada (Table 48.2) 
[6]. A key rule during the scoring of the AMS is that 
a motion cannot be graded as 5 or higher unless the 
movement is full against gravity first (grade 4). For 
example, elbow flexion must be full with gravity 
minimized before achieving a grade of 5, 6, or 7. 
We have applied a similar concept to our grading 
during manual muscle testing in older children. 
In other words, a patient must achieve full motion 
against gravity (grade 3) in our adapted MRC grad-
ing before being granted a grade 4 or 5. The AMS 
is an invaluable tool to assess infants before and 
after surgery and has been validated for reliability 
between adequately trained observers [7].

Physical examination is necessary and suffi-
cient for determining the Narakas classification 
and the AMS, relying on the practical anatomy of 
the brachial plexus to determine the injury pat-
tern and root involvement. Examination begins 
as early as the first day of life, with serial exami-
nations every 4–6 weeks to monitor recovery [8]. 
Neonates clearly cannot obey commands nor 
respond reliably to environmental stimuli. The 
principal component of the physical examina-
tion is observations of the patient’s active move-
ments. In addition, a neonate will move toward 
gentle stimuli. Stroking the dorsal forearm will 
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often produce shoulder external rotation, while 
volar forearm contact will elicit internal rotation; 
radial forearm contact will provoke elbow flex-
ion and ulnar forearm elbow extension; stroking 
the back of the hand may elicit finger and wrist 

Table 48.1 Practical anatomy for brachial plexus injury pattern

Narakas 
classificationa Nerves involved Muscles or functions Sensation
Grade 1 Upper trunk (C5 

and C6)
Shoulder (rotator cuff and deltoid)
Forearm supination (biceps and supinator)
Elbow flexion (biceps and brachialis)
Wrist extension (extensor carpi radialis longus)

Median nerve sensibility 
thumb and index finger

Grade 2 Middle trunk (C7) Elbow extension (triceps)
Latissimus dorsi
Forearm pronation (pronator teres)
Wrist extension (extensor carpi radialis longus)
Digital extension (MCP joints)
Wrist flexion (flexor carpi radialis)

Median nerve sensibility 
long finger

Grade 3 Lower trunk (C8 
and T1)

Forearm pronation (pronator quadratus)
Extrinsic finger and thumb flexors (flexor 
digitorum profundus and flexor pollicis longus)
Wrist flexion (flexor carpi ulnaris)
Digital extension (IP joints)
Intrinsic muscles

Ulnar nerve sensibility 
(ring and small fingers)

Grade 4 Sympathetic 
nerves

Pupillary dilation
Facial sweating
Eye opening

Not applicable

Adapted from Kozin [40]
MCP metacarpophalangeal, IP interphalangeal
aNarakas grades are additive: grade 2 includes grade 1; grade 3 includes grades 1 and 2; grade 4 includes grades 1, 2, 
and 3

Fig. 48.1 Three-month-old with left sided Horner syn-
drome with ptosis (drooped eyelid) and miosis (con-
stricted pupil). (Courtesy of Shriners Hospital for 
Children, Philadelphia). (Courtesy of Dan A. Zlotolow, 
MD, with permission)

Table 48.2 Active Movement Scale (AMS)

Shoulder 
abduction

_________

Shoulder 
adduction

_________ Gravity 
eliminated

Score

Shoulder flexion _________ No contraction 0
Shoulder 
external rotation

_________ Contraction, no 
motion

1

Shoulder 
internal rotation

_________ <50% motion 2

Elbow flexion _________ >50% motion 3
Elbow extension _________ Full motion 4
Forearm 
supination

_________ Against gravitya 

Forearm 
pronation

_________ <50% motion 5

Wrist flexion _________ >50% motion 6
Wrist extension _________ Full motion 7
Finger flexion _________
Finger extension _________
Thumb flexion _________
Thumb 
extension

_________

Total _________

Adapted from Clarke and Curtis [6]
aA score of 4 must be achieved before a higher score can 
be assigned. Movement grades are within available range 
of motion
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extension. Reflexive grasp (palmar grasp reflex) 
lasts until about 5–6 months of age and is a reli-
able test for lower trunk function via finger and 
thumb flexion [9]. As the neonate becomes an 
infant, toys and props can be used to elicit the 
AMS scores (Video 48.1).

Sensibility cannot be assessed in an infant. 
Clinical clues are finger moistness and with-
drawal from a gentle pinch. Pruning of the fin-
gers in the bathtub is another indication of intact 
nerve supply.

 Timing of Recovery

The timing of recovery is dependent upon the 
degree and extent of injury. The mildest plexus 
injuries, pure neurapraxia injuries, are com-
mon and recover spontaneously and completely 
by 6–8  weeks of life via remyelination alone. 
Because the axons remain intact, Wallerian 
degeneration does not occur. When some but 
not all axons within a nerve root are axotomized 
(motor and sensory neurons disconnected from 
their target organs by nerve injury), the timing 
and degree of recovery are highly variable and 
depend principally upon the percentage of axot-
omy [10]. Mixed injuries with a neurapraxia and 
axonotmetric components can recover spontane-

ously, but recovery may be slower and incom-
plete. Proximally demyelinated axons undergo 
remyelination, and at the same time, these intact 
axons have begun terminal and nodal sprouting 
to expand their control over muscle fibers that 
were previously controlled by axons that have 
undergone Wallerian degeneration from upstream 
axotomy (Fig.  48.2). If the ratio of axotomy to 
neurapraxia is low, with restoration of innerva-
tion dependent primarily on remyelination and 
not on terminal/nodal sprouting, recovery will be 
complete and nearly as rapid as for a pure neura-
praxia. As more and more axons are axotomized, 
and the ratio of axotomy to neurapraxia increases, 
recovery becomes more and more reliant on ter-
minal/nodal sprouting. While sprouting has been 
shown to begin within 24 hours of muscle dener-
vation, the process is not complete until at least 
3 months from injury [11].

Animal studies have shown that sprouting 
can make up for the loss of a staggering 80% of 
axons to any particular muscle. This recovery 
is because each muscle fiber innervated by any 
single axon is surrounded by between five and 
eight muscle fibers innervated by other axons 
[12]. Schwann cell mediated axonal sprouting 
can therefore reach these fibers and reinnervate 
them. Loss of fewer than 80% of motor axons 
(80% axotomy/20% neurapraxia) will therefore 

a b c

Fig. 48.2 Myelinated efferent axons typically innervate 
several hundred muscle fibers throughout a muscle, with 
perisynaptic Schwann cells (PSCs) maintaining and facil-
itating the neuromuscular junction (a). Following nerve 
injury, any axotomized axons undergo Wallerian degen-
eration, leading to extension of cytoplasmic processes by 

the PSCs (b). Terminal and nodal sprouting from nearby 
intact axons are led by the PSCs that bridge between the 
innervated and denervated muscle fibers to reinnervate the 
denervated muscle end plate (c) (Modified from Gordon 
and Borschel [12]). (Courtesy of Dan A. Zlotolow, MD, 
with permission)
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recover within 3–4 months of injury from sprout-
ing and remyelination, without the need for axo-
nal regeneration from the proximal axonotmetric 
injured nerve stumps (Fig. 48.3) [13]. Evidence 
of sprouting can be seen on electromyography 
(EMG) as higher amplitude but fewer motor 
units, often referred to on EMG reports as “signs 
of reinnervation.” A motor unit is comprised of 
one axon and up to several hundred muscle fibers 
distributed widely throughout the cross section 
of the muscle. In a normally innervated muscle, 
only four to six muscle fibers of a particular 
motor unit are typically within the pickup range 
of an EMG needle. Each of these normal motor 
units, when activated, will have an amplitude of 
just under 2 mV with a 5–10 ms duration. Once 
terminal sprouting has completed, amplitudes of 
up to 20  mV with 20–30  ms durations may be 
seen. The larger amplitudes suggest that some 
axons can expand to control five to ten times as 
many muscle fibers within the range of the EMG 
needle compared as they did prior to the injury 
[14, 15]. Other studies have cited between a four- 
and sixfold expansion of single axon control over 
additional motor fibers in a variety of human 
and animal models [16–20]. Beyond that limit, 

muscle strength decreases proportionally and the 
weakness begins to become noticeable clinically. 
Fewer but larger motor units may not result in 
weakness below the four- to sixfold threshold, 
but fine muscle control is progressively com-
promised. In a neonate, a loss of less than 80% 
of motor axons to the most affected muscle 
after a BPBI will therefore recover clinically by 
3 months via sprouting and remyelination alone. 
Beyond this threshold, recovery will take lon-
ger and rely increasingly on axonal regeneration 
crossing the upstream injury site.

At the injury site, Wallerian degeneration 
begins within 24–36  hours after axotomy, with 
degeneration of the axon progressing in a proxi-
mal to distal direction. Within 3 weeks, macro-
phages and the Schwann cells degrade the axons 
and myelin. Schwann cells take on a different role 
once the axon and myelin have degenerated, pro-
liferating to provide support and guidance to the 
regenerating axons as they cross the injury site 
and enter the empty endoneurial sheathes [21].

Meanwhile, the axons have begun to sprout 
from the proximal nerve stump in a staggered and 
disorganized fashion over 3–4 weeks, with very 
few axons making the initial leap. Many axons 
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Fig. 48.3 Nerves subjected to small levels of strain (lon-
gitudinal deformation) will initially just stretch and return 
to their original length. With increasing strain, the myelin 
sheaths will begin to be disrupted (demyelination), fol-
lowed by injury to the axons themselves (axotomy). Even 
when up to 80% of axons are axotomized, normal or near 
normal function can be expected via remyelination and 
terminal/nodal axonal sprouting. More than 80% axotomy 
requires regrowth of the axons from the site of injury to 

their target organs, followed by terminal/nodal sprouting 
of those regenerative axons and then cortical (brain) reor-
ganization. If all of the axons are demyelinated and them-
selves disrupted, the endoneurial tubes may remain in 
continuity, allowing but not guaranteeing functional 
recovery. Once the nerve is completely ruptured (neurot-
mesis), there is no continuity of the endoneurial tubes, and 
recovery is unlikely. (Courtesy of Dan A. Zlotolow, MD, 
with permission)
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are misdirected backward, back into the proximal 
nerve stump. Once the Schwann cells align in 
parallel at the injury site and into the endoneurial 
tubes, about 10 days after injury, the axonal out-
growth becomes more purposeful, and the axons 
are led into the endoneurial tubes [22]. Initially, 
there is no discrimination from the motor axons 
between motor and sensory endoneurial tubes. 
Preferential motor reinnervation increases gradu-
ally over the first month after injury [23]. Nodal 
sprouting can also redirect misdirected motor 
axons into motor endoneurial tubes at or further 
downstream from the injury site [24].

As regenerating axons reach their target mus-
cle fibers, they are led by Schwann cells to find 
available motor end plates and begin establish-
ing a new neuromuscular junction. Nodal and 
terminal sprouting then increases the number of 
muscle fibers under that axon’s control. Because 
axonal regeneration is staggered over a month, 
and because distal axonal growth occurs at a 
variable rate between 1 and 3 mm per day, the 
first axons to cross the injury site and enter the 
distal endoneurial tubes will arrive at the target 
muscle at least 1  month before the last axons 
arrive. For injuries where more than 80% of 
axons have been axotomized, clinically evident 
recovery can therefore range from months to 
years depending on the distance from the axot-
omy site to the muscle target and the percentage 
of axotomy. Cortical plasticity is then required to 
relearn which axons control which muscles and 
is dependent on the amount of misalignment of 
outgrowing axons [4].

In a complete axonotmetric injury where 
100% of the axons have been axotomized, but 
there is still some structural continuity between 
the proximal and distal ends of the nerve, clini-
cally evident recovery requires at least 20% of 
the motor axons travelling down the endoneurial 
tubes to reach their target muscles. The proximal 
muscles will recover first followed by the more 
distal muscles. The more axons that reach the 
muscle and the less reliance on sprouting, the 
faster and more robust the recovery.

Timing of recovery is therefore dependent on 
the percentage of neurapraxia vs. axotomy, the 
distance between the injury site and the muscle 

target, the speed of axonal regeneration, the 
percentage of axotomized axons that reach the 
target, and the cortical plasticity required to pur-
posefully engage the newly rewired motor units.

Neurotmesis via rupture, where the periph-
eral nerve is ruptured distal to the dorsal root 
ganglion (postganglionic injury), is unlikely to 
recover spontaneously. Avulsion injuries, where 
the nerve root is avulsed from the cervical spine 
proximal to the dorsal root ganglion (postgangli-
onic injury), will not recover spontaneously. Due 
to strong fibrous bands that connect the nerve 
sheaths of C5 and C6 to the periosteum of the 
transverse processes at the neuroforamen of the 
spinal column, avulsions at these nerve roots are 
rare [25]. Clarke and colleagues reported on 63 
patients that underwent surgical exploration for 
BPBI [26]. There were no root avulsions encoun-
tered at surgical exploration of C5, and only eight 
root avulsions at C6 (21%). Because the fibrous 
anchors at C7 are less robust and nearly absent 
at the lower trunk roots of C8 and T1, the rate 
of avulsions for the middle and lower trunks was 
much higher (both at 34%) [26]. Our experience 
has been similar, with frequent avulsions of C7 
and C8/T1 seen during surgical exploration for 
global injuries. Other factors in whether or not 
any particular root is avulsed include the direc-
tion, magnitude, and speed of the traction force 
applied. The more direct, forceful, and rapid the 
nerve root is pulled, the more likely to sustain an 
avulsion [25].

Because recovery of axotomy progresses in a 
proximal to distal direction, proximal muscles will 
typically recover first. By contrast, remyelination 
and sprouting are not influenced by the distance 
from injury to muscle, so recovery is based on the 
extent of demyelination or percentage of axotomy. 
Since the upper roots tend to sustain the most 
stress and therefore a larger component of axot-
omy, and the upper roots innervate the most proxi-
mal muscles, more proximal muscles will recover 
last if primarily dependent on axonal sprouting. 
Therefore, it is typical for a global injury without 
avulsion or rupture of the middle and lower trunk 
to recover hand function first, followed by finger 
extension, wrist extension, and elbow extension. 
Upper trunk function (elbow flexion and shoul-
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der abduction/external rotation), if it is to recover, 
will recover last. Again, if the upper trunk axot-
omy was below 80%, recovery will be evident 
by 3  months. Greater degrees of axonotmetric 
injury will recover more slowly in a proximal to 
distal direction, with greater reliance on regrowth 
of axons from the injury site. In a 3-month-old 
child, who has recovered lower trunk function, 
followed by upper trunk recovery, with no middle 
trunk recovery, C7 is likely an avulsion injury. If 
only the upper trunk of a global injury recovers by 
3 months, it is likely that both the lower and mid-
dle trunks have sustained an avulsion. Using this 
thought process, the surgeon can discern the likely 
type of injury sustained by each root based on the 
timing and direction (proximal to distal direction 
or distal to proximal) of recovery.

 Diagnostic Tests

Imaging and electrodiagnostic studies have lim-
ited ability to discriminate between axonotmet-
ric and neurotmetric injuries. The determination 
of the degree of axotomy is even more difficult, 
especially in mixed neurapraxic/axonotmet-
ric injuries [27]. Electromyography (EMG) has 
been shown to be overly optimistic in predicting 
recovery, identifying “inactive motor unit poten-
tials (MUPs),” which appear normal but do not 
correlate with recovery [28]. The reason for inac-
tive MUPs is not clearly understood but may be 
related to co-contraction or incomplete cortical 
reorganization of re-routed axons [4]. An alter-
nate explanation based on our experience is that 
motor axons remain viable and do not undergo 
Wallerian degeneration in some C7 avulsion inju-
ries. These axons will eventually be pruned over 
the first 12–18 months of life but stimulate intra-
operatively despite having no continuity with the 
spinal cord (Video 48.2).

Magnetic resonance imaging (MRI) or com-
puted tomography myelography (CTM) can 
demonstrate pseudomeningoceles consistent 
with nerve root avulsion injuries. The presence of 
a pseudomeningocele, a meningeal pouch filled 
with cerebrospinal fluid that extends through the 
intervertebral foramen into the paraspinal area, 

suggests a nerve root avulsion (Fig. 48.4). This 
pouch represents an extraction of the dural and 
arachnoidal sleeve through the intervertebral 
foramen that often occurs during a root avulsion 
injury. CTM and MRI have greater than 90% true 
positive rates for determining avulsion injuries 
correlated at surgery when pseudomeningoceles 
are seen [29, 30]. Smaller pseudomeningoceles 
may represent a false positive with preservation 
of nerve root integrity [29].

Vanderhave and colleagues have questioned 
the efficacy of advanced imaging studies to dif-
ferentiate between avulsions and ruptures [31]. In 
their study, CTM was able to detect avulsions with 
a sensitivity of 50% in the upper trunk roots, 80% 
in the middle trunk, and 75% in the lower trunk. 
The addition of electrodiagnostic studies actually 
decreased the sensitivity compared to CTM alone, 
reducing the sensitivity to detect avulsions to 20% 
in the upper trunk roots and approximately 30% 
in the middle and lower trunks. Current imaging 
studies are also unable to assess whether the neu-
roma has axons in continuity or if there has been 
complete axonal disruption. The clinical exami-
nation using the AMS scoring system has been 
shown to be superior to MRI and EMG in the 

Fig. 48.4 Coronal MRI reveals right-sided pseudo-
meningoceles that have formed outside the intervertebral 
foramen indicative of root avulsion injury. (Courtesy of 
Shriners Hospital for Children, Philadelphia). (Courtesy 
of Dan A. Zlotolow, MD, with permission)
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neonatal period at predicting the child’s prognosis 
by 12 months of age [32].

 Timing of Surgical Reconstruction

The quandary in brachial plexus birth injuries is 
determining when to explore the plexus. Surgery 
must have a positive effect compared to the nat-
ural history of recovery. Global injuries with a 
Horner syndrome (Narakas 4) usually require 
early surgery within the first 3 to 4 months of life 
[33]. The injury pattern is likely a combination 
of ruptures and avulsions that requires surgical 
reconstruction with an amalgamation of nerve 
grafting and nerve transfers.

The Narakas 1 (C5 and C6) and 2 (C5, C6, 
and C7) injury patterns are more controver-
sial regarding timing and techniques of nerve 
reconstruction. There is no universal consen-
sus regarding indications and timing of surgical 
intervention. Failure to demonstrate noteworthy 
signs of recovery by 5–8 months has been cited 
as an indication for surgery [6, 34]. Injuries with 
no recovery or minimal recovery require surgery. 
In addition, injuries that demonstrate some early 
recovery but the process subsequently stagnates 
require surgical intervention.

 Priorities of Surgical Reconstruction

The priorities of brachial plexus reconstruction 
are different in children compared to adults. In 
adults, repairing injuries to the lower trunk (avul-
sions or ruptures) is futile; the distance from the 
injury and the slow nerve regeneration preclude 
useful hand recovery. In children, the distance is 
less and the regeneration is quicker. Hence, useful 
hand function is obtainable in a majority of cases 
and is the primary goal [35]. After hand function, 
the priorities, in order, are as follows: (1) elbow 
flexion for hand-to-mouth function, (2) shoulder 
stability and motion, and (3) elbow extension to 
allow for overhead function and increased work-
able reach space. The surgical plan should con-
sider this hierarchy during the decision-making 
process.

In global palsies, the surgical focus is on 
reanimation of the hand. In extended and upper 
palsies, the priorities are elbow and shoulder 
motion. The surgical procedures are divided into 
two types: nerve grafting and nerve transfers. 
Nerve grafting utilizes a viable ruptured root to 
restore downstream function. Nerve transfers 
utilize a functioning expendable nerve or portion 
of a nerve to restore downstream function [63, 
35]. Nerve transfer options are more available 
and work better for more proximal muscles about 
the shoulder and elbow compared to more dis-
tal muscles of the wrist and hand. Distal nerve 
transfers are hampered by the limited number 
of potential donors and the complexity of hand 
function.

 Global Brachial Plexus Birth Palsies

Global palsies (aka total or pan-plexus injuries) 
are the most challenging surgical reconstruc-
tions. The surgical exposure is more difficult, the 
degree of damage imposing, and the reconstruc-
tions more complex. Despite advances in imag-
ing techniques, surgical exploration remains the 
gold standard to assess the degree of damage and 
the number of nerve root ruptures and avulsions.

For any global injury, the surgery is sched-
uled for the entire day, as the exact reconstruc-
tion is a “game time” decision-making process. 
The surgery begins via a thorough exposure of 
the brachial plexus. The exposure is performed in 
a stepwise fashion to avoid missing critical steps. 
Table 48.3 lists the key elements of the exposure 
(Video 48.3). The principal goal of the surgical 
exposure is to tally the number of nerve root rup-
tures and the number of nerve root avulsions. As 
described previously, the upper nerve root (C5) 
or upper nerve roots (C5 and C6) and lower nerve 
roots (C7, C8, and T1) tend to avulse. However, 
the surgeon must be prepared to find different 
patterns dependent upon the force and vector 
applied. Once the injury pattern has been estab-
lished, the surgical strategy is developed consid-
ering the number of viable axons available for 
reconstruction and the priorities of reconstruc-
tion. The number one priority is the hand and the 
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best root is designated as inflow to the lower trunk 
[36]. The recent advent of the pre-spinal route 
for the contralateral C7 (CC7) nerve transfer has 
changed the paradigm [37]. The CC7 offers an 
extensive number of axons for reconstruction. 
We currently reserve CC7 transfers for avulsions 
of three to five nerve roots leaving only up to two 
viable roots for reconstruction. If two roots are 
available, reconstruction can be performed by 
graft reconstruction only (Fig. 48.5) or by adding 

CC7 for additional axonal inflow. The availabil-
ity of only one nerve root leaves a paucity of via-
ble axons for reconstruction. In these scenarios, 
the limited numbers of axons warrants the risk/
benefit ratio associated with CC7 nerve transfer. 
Three viable roots can satiate the reconstructive 
goals following a global plexus injury, especially 
with the addition of local nerve transfers (inter-
costal nerves and spinal accessory nerve).

Nerve grafting and CC7 transfer to the lower 
trunk require nerve graft material in most cases. 
In babies, the CC7 nerve transfer will not reach 
the lower trunk but rather only the anterior tri-
angle of the neck adjacent to the carotid sheath 
of the injured side. Therefore, a short nerve graft 
segment is necessary. Similarly, mobilization of 
the lower trunk lessens the distance to the C5 or 
C6 nerve root; however, a small gap may remain 
requiring nerve grafting. We strongly favor auto-
graft over allograft for reconstruction, as there is 
a preponderance of animal data that supports the 
use of autograft and there is a dearth of human 
studies to support the use of allograft [38, 39]. 
Potential donors include bilateral sural nerves, 
medial antebrachial cutaneous nerve, and radial 
sensory nerve.

For elbow function, we prioritize flexion over 
extension. We will graft from viable C6 nerve 
root or perform a nerve transfer (three intercostal 
nerves to the musculocutaneous nerve). During 
intercostal nerve harvest, we will also assess the 
status of the long thoracic nerve. A viable long 
thoracic nerve can add an additional nerve trans-
fer for elbow extension.

For global injuries with one viable root, we 
will perform a spinal accessory to suprascapular 
nerve transfer for shoulder function, three inter-
costal nerves to the musculocutaneous nerve for 
elbow flexion, and grafting from the one root 
and the CC7 to the middle and lower trunks. 
This reconstruction allows for recovery of hand 
function, elbow flexion, elbow extension, and 
shoulder stability. There are insufficient axons to 
reinnervate the deltoid, teres minor, upper sub-
scapularis, and upper pectoralis.

Two available roots, combined with the CC7, 
allow a more complete reconstruction. After we 

Table 48.3 Brachial plexus exposure

Step Rationale and comments
Draw transverse skin 
incision about clavicle

Langer’s line and heals with 
imperceptible scar. Avoid 
longitudinal limb over 
sternocleidomastoid

Infiltrate skin incision 
with dilute epinephrine 
(0.5 mg/100 ml normal 
saline solution)

Weight-based administration, 
confer with anesthesia. 
Lessens bleeding and 
facilitated dissection

Incise skin with scalpel 
blades and use bovie 
electrocautery down to 
fat pad
Reflect fat pad from 
medial to lateral

Retain fat pad for vascularity 
after reconstruction

Identify phrenic nerve 
on anterior scalene

Must identify and protect 
phrenic nerve, C5 
contribution can be within 
upper trunk neuroma

Identify and ligate 
transverse cervical 
vessels across the upper 
trunk

Ligaclips® (Ethicon, Johnson 
and Johnson, Belgium)

Identify nerve roots 
from cephalad to 
caudad (C5 through T1)
C7 nerve root has 
overlying dorsal 
scapular artery that 
requires ligation

C7 is inferior and posterior to 
C5/C6 nerve roots

C8 and T1 nerve roots 
have overlying 
subclavian artery that 
must be protected
Determine the number 
of nerve root rupture(s) 
and nerve root 
avulsion(s)
Plan surgical 
reconstruction and 
execute
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have selected the donor for lower trunk reanima-
tion, usually the C6 nerve root, we can obtain a 
primary coaptation without graft or with only a 
short graft. We then move on to the next priori-
ties. For shoulder function, we will graft from C5 
nerve root to the posterior division of the upper 
trunk (suprascapular nerve and axillary nerve) 
and/or perform a nerve transfer for rotator cuff 
function (spinal accessory to suprascapular nerve 
transfer). For elbow flexion, we will transfer 
three intercostal nerves to the musculocutaneous 
nerve. The CC7 is then grafted to the ipsilateral 
middle trunk. This reconstruction allows the pos-
sibility of reinnervation of all major muscles of 
the arm. A three-root plexus is reconstructed in 
the same manner as a two-root plexus, with the 
extra available ipsilateral root taking the place of 
the CC7.

 Extended Upper Brachial Plexus 
Birth Palsies

Brachial plexus palsies with sparing of the 
lower trunk (C8 and T1 nerve roots) offer addi-
tional nerve transfer options. If the lower trunk 
was working at birth, we can infer that the 
lower trunk has inherent axonal redundancy 
and is therefore available as a source of axons 
for nerve transfer. A global injury at birth that 
quickly recovers lower trunk function is likely 
related to remyelination. In contrast, a global 
injury at birth that slowly recovers lower trunk 
function is likely related to an axonotmetric 
injury and distal sprouting. In this scenario, 
the lower trunk may not have redundant axons 
and is not an available donor for nerve transfer. 
The distinction is critical, as we will only use 
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Fig. 48.5 Five-month-old female child with right global 
brachial plexus injury. (Courtesy of Shriners Hospital for 
Children, Philadelphia). (a) Right brachial plexus explo-
ration with C5 and C6 nerve root ruptures (yellow loop 
around C5 and red loop around C6). (b) Intraforaminal 

avulsion of C8 and T1. (c) Preparation of lower trunk (C8 
and T1) and upper trunk. (d) Preparation of C5 and C6 
nerve roots. (e) Nerve grafts from C5 to upper trunk. (f) 
Nerve grafts from C6 to lower trunk. (Courtesy of Dan A. 
Zlotolow, MD, with permission)
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a normal ulnar nerve (C8, T1) as a donor for 
nerve transfer. A history of a never-injured or 
rapidly recovered lower trunk verified by elec-
trical stimulation at surgery provides evidence 
that the ulnar nerve has its full or near-full count 
of axons. Using the Checkpoint® (Checkpoint 
Surgical, Cleveland, Ohio) stimulator on a via-
ble ulnar nerve at 0.5 milliamps and mid-pulse 
width will generate a “manicule sign” (Video 
48.4). The manicule sign is generated by stimu-
lation of the C8 and T1 axons in the ulnar nerve 
and not the C8 and T1 axons in the median nerve 
(anterior interosseous and recurrent branch). 
This stimulation yields flexion of the long, ring, 
and small fingers interphalangeal joints from the 
flexor digitorum profundus (FDP); flexion of the 
index, long, ring, and small fingers metacarpo-
phalangeal joints from the intrinsic muscles; 
extension of the index and thumb interphalan-
geal joints from the unopposed interossei and 
adductor pollicis; and thumb adduction from the 
adductor pollicis.

When considering the median nerve as a 
potential donor, the surgeon must understand that 
median nerve motor function is primarily derived 
from the lower trunk (C8/T1). There is some 
middle trunk (C7) contribution (mainly the flexor 
digitorum superficialis, the flexor carpi radialis, 
and the pronator teres muscles). We only use the 
median nerve as a donor if the C7, C8, and T1 
nerve roots are uninjured. Hence, we avoid using 
the median nerve as a donor in extended upper 
brachial plexus injuries for fear of losing useful 
function.

The surgical exposure for extended upper bra-
chial plexus injuries is less difficult, the degree 
of damage less daunting, and the reconstructions 
more straightforward compared to global palsies. 
Surgical exploration remains the gold standard to 
assess the degree of damage and the number of 
nerve root ruptures and avulsions. The surgery is 
scheduled for 4–6 hours, as the lower trunk does 
not require reconstruction and CC7 transfer is 
unnecessary. The surgical priorities are similar 

to global injuries without the need to address the 
lower trunk.

In cases with three nerve root ruptures, the 
goal is anatomic reconstruction using autograft 
to bridge the gaps between the roots and divi-
sions (Fig. 48.6). Nerve grafts are placed from 
the C5 nerve root to the suprascapular nerve and/
or axillary nerve (posterior division of the upper 
trunk); C6 nerve root to the anterior division of 
the upper trunk (musculocutaneous nerve); and 
C7 nerve root to the middle trunk. Subtle devia-
tions in the surgical reconstruction may be nec-
essary depending upon the quality of each nerve 
root as a donor. The clavicle may hamper expo-
sure of the divisions (distal targets). Inferior 
retraction improves distal exposure; however, 
inadequate visualization for grafting requires 
clavicular osteotomy. We prefer subperiosteal 
isolation of the clavicle and performing a green-
stick fracture of the clavicle. A bone bitter cuts 
the inferior half or two thirds of the clavicle, and 
downward traction completes the fracture yield-
ing distal exposure. Following the procedure, 
the clavicle is not repaired and quickly heals 
within its preserved periosteal sleeve (Video 
48.5).

In cases with one or two avulsions, surgical 
creativity is necessary. The donor nerve root is 
usually the C5 nerve root ± C6 nerve root. The 
upper trunk is more amenable to nerve transfer 
reconstruction using the spinal accessory nerve, 
intercostal nerves, and the ulnar nerve as poten-
tial donor sources. In contrast, the middle trunk is 
less amenable to nerve transfer other than resto-
ration of elbow extension. Therefore, the middle 
trunk is prioritized for graft reconstruction. The 
upper trunk is reconstructed with nerve grafts 
and/or nerve transfers depending upon the num-
ber of roots available. In dire straits, the upper 
trunk can be entirely reconstructed with nerve 
transfers (spinal accessory to suprascapular nerve 
transfer, intercostal nerves to musculocutaneous 
nerve transfer, and ulnar nerve fascicle to axillary 
nerve).
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 Upper Brachial Plexus Birth Palsies

Upper brachial plexus injuries are the most 
straightforward reconstructions as there are a 
plethora of surgical options available. In addition, 
the injury is less severe and the entire operation 
less intimidating and less demanding. The C5 
and C6 roots are isolated and the  reconstruction 
options assessed. Nerve grafting alone is appropri-

ate for C5 and C6 nerve root ruptures (Fig. 48.7). 
Alternatively, except for cases where wrist exten-
sion is C6 dependent, an upper plexus injury (C5 
and C6 nerve roots) can be entirely reconstructed 
via a series of nerve transfers. For shoulder recon-
struction, spinal accessory nerve to suprascapular 
nerve transfer combined with a radial nerve tri-
ceps branch to the anterior division of the axil-
lary nerve transfer restores the majority of rotator 

a
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Fig. 48.6 Six-month-old male child with left extended 
Erb’s brachial plexus injury. (Courtesy of Shriners 
Hospital for Children, Philadelphia). (a) Surgical expo-
sure of left brachial plexus. (b) Large neuroma. (c) Three 

viable nerve roots (C5, C6, and C7). (d) Distal targets to 
receive autografts from C5, C6, and C7. (Courtesy of Dan 
A. Zlotolow, MD, with permission)
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Fig. 48.7 Six-month-old male child with right Erb’s (C5 
and C6 nerve roots) brachial plexus injury. (Courtesy of 
Shriners Hospital for Children, Philadelphia). (a) Right 
brachial plexus exploration with upper trunk neuroma and 
isolation of divisions. (b) Nerve grafting from C5 and C6 

to upper trunk secured with fibrin glue. (c) Outcome at 
7  years of age. (a) Abduction. (b) Hand to mouth. (c) 
Hand to neck. (d) External rotation. (e) Hand to spine. (f) 
Hand to belly. (Courtesy of Dan A. Zlotolow, MD, with 
permission)
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cuff and deltoid function. For elbow flexion and 
forearm supination, a double nerve transfer can 
be performed. A fascicle of the ulnar nerve can be 
transferred to the biceps motor nerve, and a fas-
cicle of the median nerve can be transferred to the 
brachialis motor nerve. This series of quadruple 
nerve transfers can achieve a remarkable result in 
children (Fig. 48.8).

 Surgical Options to Obtain 
Priorities

 Nerve Grafting

Nerve grafting requires neuroma excision back 
to proximal and distal viable fascicles followed 
by cable grafting [40]. We use a circumferen-

a
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Fig. 48.8 Five-year-old girl with left Erb’s (C5 and C6 
nerve roots) brachial plexus injury s/p quadruple nerve 
transfers (spinal accessory nerve to suprascapular nerve, 
radial nerve triceps branch to the anterior division of the 
axillary nerve transfer, fascicle of the ulnar nerve to the 
biceps motor nerve, and fascicle of the median nerve to 

the brachialis motor nerve). (Courtesy of Shriners 
Hospital for Children, Philadelphia). (a) Abduction. (b) 
Hand to mouth. (c) Hand neck. (d) External rotation. (e) 
Hand to spine. (f) Hand to belly. (Courtesy of Dan A. 
Zlotolow, MD, with permission)
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tial nerve cutting device (Accurate Surgical 
& Scientific Instrument (ASSI) Corporation, 
Westbury, New  York) to generate an even cut 
and lessen the trauma to the nerve compared 
to scissors [41]. Nerve grafting that interposes 
multiple strands of donor nerve to bridge the 
defect is referred to as cable grafting. The goal 
is to place enough cables to satisfy the caliber 
of the proximal (root) and distal (trunk, division, 
or branch) recipients. The cable can be secured 
with microsuture or fibrin glue. The grafts are 
placed slightly loose without any tension across 
the coaptation sites. This looseness will lessen 
the chances of the awake child tearing the repair 
apart.

 Nerve Transfer

Nerve transfer utilizes a donor nerve that is avail-
able and expendable, which is transferred to a 
recipient nerve in need of axons to achieve the 
desired function.

 Selection of the Donor Nerve
The donor nerve has to be available and expend-
able [40, 63, 35]. Available implies a functioning 
and normal nerve that can sustain loss of a portion 
of its axons. Fortunately, many nerves have built 
in redundancy in their proximal aspect within 
the arm. Expendable means that if there is some 
loss of function from donor harvest, the effect is 
minimal. For example, harvesting the intercostal 
nerves has negligible effect on pulmonary func-
tion as long as the phrenic nerve is working [42]. 
Similarly, selection of a radial nerve to a single 
head of the triceps has miniscule effect on elbow 
extension as long as the other two heads are pre-
served [43].

An additional consideration during nerve 
transfer is synergism. Logically, using a donor 
nerve that provides synergistic function with the 
intended action would facilitate relearning after 
reinnervation. For example, when selecting an 
ulnar nerve fascicle for elbow flexion, selecting 
the fascicle that innervates the flexor carpi ulnaris 
would ease relearning.

 Selection of the Recipient Nerve
The recipient nerve should be chosen to achieve 
the desired function. The motor nerve recipient 
should be close to the end plate to minimize rein-
nervation time. When selecting recipient motor 
nerves, there is a trend to provide dual reinnerva-
tion to achieve a desired function. For example, 
nerve transfers for elbow flexion attempt to rein-
nervate both the biceps and brachialis muscles. 
Similarly, nerve transfers for shoulder motion 
try to reinnervate both deltoid and rotator cuff 
function.

 Surgical Techniques to Obtain 
Priorities

 Nerve Graft Harvesting

 Sural Nerve Harvesting
Patient position: The baby is positioned supine 
on the operating room table with his or her feet 
at the distal edge (Fig. 48.9). Sitting at the foot of 
the table provides a comfortable harvesting posi-
tion for the surgeon to harvest the sural nerves 
under tourniquet control (Fig. 48.8).

Incision: A longitudinal incision along the 
full course of the sural nerve course can result 
in a hypertrophic scar in infancy. A long zig-
zag incision can solve this problem, but parents 
still complain about the unsightly scar. We pre-
fer sural nerve harvesting via three incisions: 
oblique incision posterior to the lateral malleo-
lus, transverse in the midportion of the leg, and 
transverse at the popliteal fossa (Fig.  48.10). 
The transverse incisions are along Langer’s 
lines and heal with an imperceptible scar. This 
approach is no more invasive than endoscopic 
harvesting, which requires additional equip-
ment and usually is performed in the prone 
position.

 Sural Nerve Anatomy
The sural nerve is formed by a connection 
between the medial sural nerve (MSN, tibial 
nerve branch) and lateral sural nerve (LSN, com-
mon peroneal nerve branch) in approximately 
two thirds of cases (Huelke type A) [44]. The 

S. H. Kozin et al.



531

connection commonly (80%) occurs in the lower 
half of the leg. In 30% of cases, the LSN does 
not contribute to formation of the sural nerve 
(Huelke type B) (Fig. 48.11). Uncommonly, the 
sural nerve is formed only by the LSN (Huelke 
type C). The sural nerve is accompanied by the 
lesser saphenous vein, which must be protected 
during harvesting.

Technique: Dissection begins in the distal 
incision posterior to the malleolus. The sural 
nerve and lesser saphenous vein are identified in 
the subcutaneous tissue. The nerve is traced in a 
proximal direction to the midportion of the leg. 
Angled retractors of varying sizes assist in the 
elevation of the skin from the underlying nerve. 
The investing fascia must be released. Via the 

a b

Fig. 48.9 The baby is placed at the end of the table. Sural 
nerve harvesting is more comfortable if the surgeon faces 
the baby’s lower limbs. The assistant is located lateral to 
the operating table to hold the infant’s lower limbs in a 

raised position. (Courtesy of Shriners Hospital for 
Children, Philadelphia). (Courtesy of F. Soldado, MD 
PhD, with permission)

a b c

Fig. 48.10 The use of three incisions (a) to harvest the sural nerve (b) leads to a more aesthetically acceptable result 
(c). (Courtesy of Shriners Hospital for Children, Philadelphia). (Courtesy of F. Soldado, MD PhD, with permission)
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middle incision, the MSN is identified deep to 
the fascia within the gastrocnemius sulcus. More 
lateral dissection allows for identifying the LSN 
contribution. Within the popliteal incision, the 
MSN is also identified deep in the gastrocnemius 
sulcus and is followed in a proximal direction to 
its origin from the tibial nerve. When an LSN is 
present, the nerve is followed to its origin from 
the common peroneal nerve. The sural nerves 
must be completely free between the incisions 
before harvest. Once the sural nerve is cut, all 
tension is lost, and dissection of any remaining 
connections within the leg becomes tedious and 
frustrating.

 Medial Antebrachial Cutaneous Nerve 
(MABCN) Harvesting
Patient position: Supine on the operating room 
table.

Incision: Longitudinal along the medial arm.
Technique: The MABCN is identified deep 

to the brachial fascia. The nerve is the most 
superficial nerve in the brachium and travels 
with the basilic vein. Harvesting in the arm is 
 straightforward. The nerve is traced in a proximal 
direction as far as possible toward its origin from 
the medial cord. Distal dissection is continued in 
a distal direction including into its two to three 
terminal branches to optimize graft length.

a b

Fig. 48.11 Huelke type A (a) and type B sural nerves. (Courtesy of Shriners Hospital for Children, Philadelphia). 
(Courtesy of F. Soldado, MD PhD, with permission)
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 Radial Sensory Nerve
Patient position: Supine on the operating room 
table.

Incision: Three transverse forearm incisions 
with the proximal incision more medial com-
pared to the distal incision (Fig. 48.12).

Technique: The radial sensory nerve is iso-
lated in the distal incision within the subcuta-
neous tissue. The distal branches of the nerve 
are followed in a more distal direction to maxi-
mize length. Within the middle and proximal 
incisions, the nerve is localized deep to the fas-
cia, under the deep surface of the brachioradia-

lis muscle. The nerve is dissected as proximal 
as possible, coagulating branches from radial 
recurrent vessels and avoiding the posterior 
interosseous nerve. The nerve is cut distal and 
retrieved proximal.

 Nerve Transfer [40, 63, 35]

 Spinal Accessory Nerve (SAN) 
to Suprascapular Nerve (SSN) 
Transfer

 Anterior Approach
Patient position: Use a standard supraclavicular 
approach for brachial plexus birth palsy explo-
ration. The patient is supine with a rolled towel 
placed between the scapulae. The baby’s head is 
turned toward the opposite side.

Incision: A transverse incision is made 1 cm 
above the clavicle similar to brachial plexus 
exploration (Fig.  48.13a). Another option is 
a more sagittal incision at the midlevel of the 
supraclavicular fossa for an isolated SAN to SSN 
transfer (Fig. 48.13b).

Anatomy: The spinal accessory nerve trav-
els in the window between the levator scapulae 
and trapezius muscles. The spinal accessory 
nerve often resides deep to the fascia overly-
ing the anterior surface of the trapezius [45]. 
A nerve stimulator can help identify the nerve 
in times of struggle. True landmarks are the 
cervical transverse vessels entering the mus-
cle. The SAN is isolated adjacent to these ves-
sels and traced in a distal direction. Proximal 
dissection is also important to move the pivot 
point closer to the suprascapular nerve. The 
most superior motor branches to the trapezius 
muscle must be preserved. The SAN is cut as 
distal as possible.

The suprascapular nerve exits the upper trunk 
as a trifurcation along with the anterior and 
posterior divisions of the upper trunk [46]. The 
suprascapular nerve travels deep to the supra-
scapular notch. The lateral head of the omohy-
oid muscle is a useful landmark for localizing 
the SSN.  Once identified, the SAN is traced in 

Fig. 48.12 Incisions for harvest of the radial sensory 
nerve. (Courtesy of Shriners Hospital for Children, 
Philadelphia). (Courtesy of F. Soldado, MD PhD, with 
permission)
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a proximal direction and cut at its origin in the 
upper trunk (Fig. 48.14). The SAN and SSN are 
coapted and secured with fibrin glue.

Additional note: Although there is no sup-
portive evidence published in the literature, some 
surgeons cut the suprascapular ligament via the 
anterior approach. The suprascapular nerve is 
traced in a distal direction with the aid of angled 
retractors. The trapezius muscle is elevated or 
detached from the lateral clavicle to facilitate 
distal dissection. The scapular notch is identified 
and the ligament is released [47].

 Posterior Approach [48]
Patient position: Lateral decubitus or prone on 
the operating room table.

Incision: A transverse incision just above the 
spine of the scapula (Fig. 48.15).

Technique: The upper trapezius muscle is 
elevated from the scapular spine with electrocau-
tery (Video 48.6) (Fig.  48.15). The underlying 
supraspinatus muscle is identified and is often 
pale secondary to denervation. The trapezius is 
 elevated in a cephalad direction and supraspina-
tus retracted in a caudad position. The omohyoid 

a b

Fig. 48.13 Position and incision options for spinal accessory nerve (SAN) to suprascapular nerve (SSN) transfer. 
(Courtesy of Shriners Hospital for Children, Philadelphia). (Courtesy of F. Soldado, MD PhD, with permission)

a b c

Fig. 48.14 The omohyoid (*) (a) is the landmark to find the SSN (b); the nerves are coapted without tension (c). 
(Courtesy of Shriners Hospital for Children, Philadelphia). (Courtesy of F. Soldado, MD PhD, with permission)
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muscle is identified inserting on the top of the 
scapula just medial to the suprascapular notch. 
The notch and ligament are isolated. The supra-
scapular nerve is deep to the ligament and the 
suprascapular vessels pass over the spinous liga-
ment. The ligament is sectioned while protecting 
the underlying nerve. The suprascapular nerve is 
traced in a proximal direction to its trifurcation 
from the upper trunk. The spinal accessory nerve 
is localized deep to the trapezius muscle, running 
in a vertical direction just lateral to the medial 
border of the scapula. The spinal accessory nerve 
is traced in a distal direction, deep to the infe-
rior trapezius, and divides into two main termi-
nal branches, which are cut as distal as possible 
for tensionless coaptation with the suprascapular 
nerve.

 Spinal Accessory Nerve 
to the Infraspinatus Motor Nerve  
[48, 49]
Patient position: Lateral decubitus or prone posi-
tion on the operating room table.

Incision: Transverse along the scapular spi-
nous process (Fig. 48.16).

Technique: The spinal accessory is localized 
identical to the posterior approach described 
above. The infraspinatus motor branch is isolated 
at spinoglenoid notch. The infraspinatus muscle 
is partially detached from the scapular spine and 
retracted in an inferior direction. The infraspi-
natus motor nerve is identified at the spinogle-
noid notch (Fig. 48.16). The suprascapular vessel 
courses with the nerve and must be protected to 
avoid bleeding. The infraspinatus motor branch is 

a

d e

b c

Fig. 48.15 Spinal accessory to suprascapular nerve 
transfer via posterior surgical approach. (Courtesy of 
Shriners Hospital for Children, Philadelphia). (a) Infant 
positioned in the lateral decubitus position. (b) Trapezius 
muscle elevated from scapular spine (forceps). (c) 
Suprascapular nerve identified and traced through the 

scapular notch with release of the superior transverse 
scapular ligament. (d) Spinal accessory nerve isolated 
deep to the trapezius muscle. (e) Spinal accessory trans-
ferred to suprascapular nerve with excessive length to 
allow for nerve trimming and tension-free coaptation. 
(Courtesy of Dan A. Zlotolow, MD, with permission)
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sectioned as proximal as possible and the nerves 
are coapted using fibrin glue.

 Ulnar to Biceps Motor Nerve [50, 51, 52]
Patient position: Supine on the operating room 
table with the arm on a hand table.

Incision: Longitudinal incision along the mid-
dle half of the brachium.

Technique: The skin is incised and the dissec-
tion is carried out deep to the fascia (Fig. 48.17) 
(Video 48.7). The medial antebrachial cutaneous 
nerve and basilic vein are isolated and mobilized. 
The musculocutaneous nerve (MCN) is identified 
between the coracobrachialis and biceps muscles. 
The nerve is traced in a distal direction eyeing 
for motor branches entering the biceps muscle. 
In two thirds of patients, the MCN provides one 
branch to the biceps muscle in the proximal half 
of the arm and one branch to the brachialis mus-
cle in the distal part [54].

After biceps motor nerve dissection, the MCN 
is followed in a distal direction until its division 
into the lateral antebrachial cutaneous nerve and 
brachialis motor branch. The brachialis branch is 
more medial. The lateral antebrachial cutaneous 
nerve continues in a distal direction to enter the 
forearm (lateral antebrachial cutaneous nerve). 

The motor branches (biceps and brachialis) are 
dissected under magnification in a proximal 
direction by intraneural dissection to gain length 
and mobility (usually 1–2 cm).

The median nerve is isolated medial to the 
brachial vessels, while the ulnar nerve is located 
posterior to the medial intermuscular septum. 
Under magnification, a longitudinal epineurot-
omy is performed to identify a donor motor fas-
cicle. The chosen fascicle must be redundant and 
expendable. A nerve stimulator on low amplitude 
is necessary to demonstrate redundant extrinsic 
and intrinsic musculature. Although obtaining 
fascicles that preferentially activate extrinsic 
muscles (FCR for median nerve and FCU for 
ulnar nerve) has been recommended, there is no 
evidence to support its benefit [55]. Before fasci-
cle sectioning, the surgeon must understand that 
the median nerve glides in a distal direction with 
elbow extension, while the ulnar nerve glides in 
a distal direction with elbow flexion. The donor 
fascicles of the ulnar nerve and median nerves 
are traditionally transferred to the biceps and bra-
chialis motor nerves, respectively. However, the 
donor-recipient combination can be performed 
in the opposite direction depending upon the sur-
geon preference and patient’s anatomy.

a b

Fig. 48.16 The infraspinatus nerve is identified arriving 
from the spinoglenoid notch (a) to be transferred to the 
spinal accessory nerve (b). (Courtesy of Shriners Hospital 

for Children, Philadelphia). (Courtesy of F. Soldado, MD 
PhD, with permission)
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 Triceps to Axillary and Triceps to Teres 
Minor Transfer [53]
Patient position: Supine.

Incision: We prefer the axillary approach [56]. 
The axillary crease skin is incised in a triangle 
configuration with an extension along the medial 
arm (Fig. 48.18a).

Dissection: The latissimus dorsi tendon 
is the main anatomical landmark to identify 
motor branches from the posterior cord [56] 

(Fig.  48.18b). The radial nerve is identified 
running above the latissimus dorsi tendon. The 
motor nerve branches to the long head of the tri-
ceps (LHTc), lateral head of the triceps, and the 
medial head (UMTc) are identified (Fig. 48.19). 
The axillary nerve is located proximal to the prox-
imal border of the latissimus dorsi tendon along 
with the posterior circumflex humeral vessels 
(medial with relationship to the arm) entering the 
quadrangular space. The axillary nerve divides 

a

c b

b

Fig. 48.17 Ulnar motor fascicle transfer to the bicep’s 
motor nerve. (Courtesy of Shriners Hospital for Children, 
Philadelphia). (a) Medial arm exposure. Yellow loops 
around ulnar nerve and red loops around musculocutane-
ous nerve. (b) Bicep’s motor nerve isolated from muscu-

locutaneous nerve. (c) Isolation of a fascicle from the 
ulnar nerve. (d) Transfer of the fascicle from the ulnar 
nerve to the bicep’s motor nerve. (Courtesy of Dan A. 
Zlotolow, MD, with permission)
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into an anterior division (lateral with relationship 
to the arm) and a posterior division (medial with 
relationship to the arm). The posterior division 

provides a medial motor nerve branch to the teres 
minor (medial with relationship to the arm).

Both triceps branches and axillary divisions 
are dissected under magnification by intra-
neural dissection to obtain as much length to 
achieve tensionless coaptation. During triceps 
to axillary transfers, the long head of the tri-
ceps (LHTc) and the medial head (UMTc) are 
transferred to the anterior division of the AxN 
and teres minor motor branch [56]. The donor-
recipient combination is dependent upon the 
surgeon’s preference.

 Intercostal to Musculocutaneous Nerve 
Transfers [42, 57]
Patient position: Supine on the operating room 
table with the baby’s shoulder in abduction.

Incisions: A thoracic incision is planned along 
the ribs from the posterior axillary line to the cos-
tochondral junction. In babies, the future infra-
mammary crease can be produced by pushing the 
breast tissue in a downward direction (Fig. 48.20). 
This incision ultimately will be well-concealed. 
The brachial incision is placed along the proxi-
mal medial arm (Fig.  48.21a). A subcutaneous 
tunnel is created between the two incisions to 
bring the intercostal nerve (ICN) to the MCN, or 
the two incisions can be connected with an inter-
vening axillary incision (Fig. 48.21c).

The anterior surfaces of the ribs are exposed by 
elevation of the pectoralis major and minor mus-

a

b

Fig. 48.18 Axillary approach using an inverted V-shaped 
incision (a). The latissimus dorsi tendon (b) is the land-
mark used to identify the radial and axillary nerves. 
(Courtesy of Shriners Hospital for Children, Philadelphia). 
(Courtesy of F. Soldado, MD PhD, with permission)

a b c

Fig. 48.19 (a) The motor branch to the long head of the 
triceps (white arrow) is identified following the medial 
side of the radial nerve (black arrow). The axillary nerve 
is marked with *. (b) The motor branch to the teres minor 

(white arrow) originates from the posterior division of the 
axillary nerve. (c) Both nerves are coapted. (Courtesy of 
Shriners Hospital for Children, Philadelphia). (Courtesy 
of F. Soldado, MD PhD, with permission)
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cles (Fig. 48.21b). Between the ribs, the intercos-
tal nerves are isolated. The identification begins 
at the most cephalad rib and proceeds in a caudad 
direction. The superficial intercostal muscle is 
released from the inferior aspect of the rib. Using 
gentle spreading dissection with a small hemo-
stat and upward traction on the rib, the intercostal 
nerve and artery are isolated (Video 48.8). We do 
not use subperiosteal dissection as this technique 
increases surgical time, bleeding, and morbidity. 
Once the nerve is located, the nerve is dissected 
from the costochondral junction to the posterior 
axillary line to avoid any need for an intervening 
nerve graft. The third, fourth, and fifth intercostal 
nerves (or fourth, fifth, and sixth) are harvested in 
a similar fashion.

Through the medial arm incision, the MCN is 
isolated between the coracobrachialis and biceps 

muscles. The nerve is dissected in a proximal 
direction through the coracobrachialis muscle, 
ensuring the coracobrachialis has been completely 
released. The musculocutaneous nerve is traced as 
proximal as possible toward the lateral cord.

The intercostal nerves are passed to the MCN 
and coapted with epineural sutures or fibrin glue. 
Coaptation should be completed with the shoul-
der in maximum abduction to prevent disrup-
tion of the coaptation during passive shoulder 
exercises.

 Intercostal to Axillary Nerve Transfers
Patient position: Supine on the operating room 
table with the baby’s shoulder in abduction.

Incisions: The axillary and thoracic incisions 
are performed as described above. Three inter-
costal nerves are transferred to the anterior divi-

a b c

Fig. 48.20 A thoracic incision in the future inframam-
mary crease will improve the aesthetic appearance (a). 
This incision is extended from the costochondral junction 
to the posterior axially line. Brachial incision (b). Healed 

incision 4 weeks after surgery (c). (Courtesy of Shriners 
Hospital for Children, Philadelphia). (Courtesy of F. 
Soldado, MD PhD, with permission)

a b c

Fig. 48.21 The origins of the pectoralis major (PM) and 
minor (Pm) are detached. In this case, the thoracic inci-
sion is connected to the brachial incision (a), with inter-
costal nerves 3–5 dissected (b). The ICN are coapted to 

the musculocutaneous nerve (c). (Courtesy of Shriners 
Hospital for Children, Philadelphia). (Courtesy of F. 
Soldado, MD PhD, with permission)
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sion of the axillary nerve and the branch to the 
teres minor.

 Contralateral C7 Nerve Transfer  
[37, 58, 59]
In cases with fewer than three nerve roots avail-
able for grafting, CC7 transfer can be considered. 
In the past, the CC7 nerve root was tunneled 
subcutaneously across the neck to the injured 
plexus [58, 59]. Long nerve grafts were required 
between CC7 and the intended recipients (e.g., 
lower trunk) with disappointing results. More 
recently, a passage behind the esophagus has 
been utilized to shorten the distance and lessen 
the graft length [37]. This approach requires sur-
gical expertise as the vertebral artery and carotid 
sheath are in harm’s way. We utilize the assistance 
of our cervical spine surgeons who are comfort-
able with the exposure for anterior cervical spine 
procedures. The procedure requires proficiency 
and meticulous technique to avoid consequential 
mishaps.

All global injuries with no recovery of lower 
and middle trunk function by 3 months are poten-
tial candidates for a CC7 transfer. We begin this 
procedure with the patient prone. Both sural 
nerves are harvested and placed on ice in a saline- 
soaked nonadhesive dressing inside a speci-
men cup. The spinal accessory to suprascapular 
nerve transfer is performed from the posterior 
approach while prone. The patient is then repo-
sitioned supine with an A-frame under the shoul-
ders (Fig.  48.22). The intravenous catheter and 
monitoring equipment are moved to the legs. The 
arms, neck, and chest are prepped and draped in 
one field.

If intraoperative dissection of the plexus yields 
two or fewer viable nerve roots for grafting, the 
decision is made to use the CC7 as a donor. In 
the past, we utilized two separate supraclavicu-
lar incisions. Currently, we simply extend the 
supraclavicular incision along Langer’s lines to 
the contralateral neck to the level of the trapezius 
(Fig.  48.23). This allows an extensile approach 
to both the injured and uninjured brachial plexus 
and the entire neck. The dissection is carried 
down to the plexus, which should be normal 
(Fig.  48.24). A nerve stimulator (Checkpoint®, 

Checkpoint Surgical, Cleveland, Ohio) is used 
to confirm the redundancy of the middle trunk: 
stimulation of the posterior division of the lower 
trunk should produce elbow and finger exten-
sion, and stimulation of the posterior division of 
the upper trunk should produce wrist extension. 
The entire C7 root and middle trunk are isolated 
to the level where the divisions merge with the 
divisions of the other two trunks. It is critically 
important to make sure that both the anterior divi-
sion of the upper trunk and the posterior divisions 
of the upper and lower trunks are visualized and 
isolated from the divisions of the middle trunk 
prior to cutting the middle trunk. The lateral pec-
toral nerve has a takeoff at the point where the 
anterior divisions of the upper and middle trunks 
meet. Proximally, the C7 contribution to the long 
thoracic nerve may need to be divided to provide 
greater mobility of the root, depending on its 
branch point.

a

b

Fig. 48.22 A-frame comprised of two rolled towel taped 
together (a) stabilizes infant on operating room table (b) 
and allows access to both sides. (Courtesy of Shriners 
Hospital for Children, Philadelphia). (Courtesy of Dan A. 
Zlotolow, MD, with permission)
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We prefer to keep the anterior scalene intact 
to protect the phrenic nerve. A right angle is 
passed from the neuroforamen directly ante-
rior through the interval between the longus 
coli and the anterior scalene muscles, and a 
looped vessel loop is passed from anterior to 
posterior around the C7 root. This loop helps 
to pass the CC7 medial to the scalene muscle 
to shorten the distance without dividing the 
anterior scalene. Further dissection is carried 
out anterior to the scalene muscle. The inter-
val is between the phrenic nerve and the carotid 
sheath. We try not to violate the carotid sheath, 
as none of its contents are relevant to the opera-
tion and these only increase the risks of surgery 
when exposed. With blunt dissection in a lat-
eral to medial direction, the vertebral artery is 
identified and the space directly superior devel-
oped. We have had to pass the CC7 inferior to 
the vertebral artery in some cases to create a 
more direct (shorter) path, but this should be 
done with extreme caution. Injury to the verte-
bral artery is difficult to manage and typically 
requires an emergent transfer to interventional 
radiology for embolization.

Another window is created in the anterior tri-
angle of the injured side of the neck. The skin 

of the neck is sutured to the chin for temporary 
retraction (Fig.  48.23). Dissection is carried 
down to the prevertebral space through the inter-
val between the carotid sheath and the esopha-
gus, which can look remarkably similar. There 
are multiple vessels in this interval, which we try 
to preserve whenever possible.

A dissection on the injured side of the neck 
between the phrenic nerve and the carotid 
sheath is then performed bluntly to connect the 
ipsilateral plexus window with the ipsilateral 
anterior triangle window and the contralateral 
plexus window. Again, the vertebral artery is at 
risk. Another looped vessel loop is passed from 
the ipsilateral to the contralateral side.

The CC7 is then re-explored and division points 
reconfirmed. Lidocaine is injected into the epineu-
ral space with a 1 cc 27-gauge insulin needle at the 
root of the C7 to limit trauma to the motoneuron 
cell bodies. We use a circumferential nerve cutting 
device (Accurate Surgical & Scientific Instrument 
(ASSI) Corporation, Westbury, New  York) to 
generate an even cut and lessen the trauma to the 
nerve compared to scissors [41].

The CC7 is then passed between the anterior 
scalene and longus coli muscles and across the 
neck into the anterior triangle window using the 
preplaced vessel loops. The target trunk on the 
injured side is mobilized as medial as possible, 
and autograft nerve is interposed between the 
CC7 and the target trunk. Fixation at the coapta-
tion sites is achieved with fibrin glue or a combi-
nation of glue and suture.

 Rehabilitation

 Nerve Grafting

Nerve rehabilitation following nerve grafting is 
divided into an immobilization phase followed 
by a mobilization phase awaiting nerve regen-
eration (Protocol 1). The immobilization posi-
tion varies with the tightness of any joint. Supple 
joints allow immobilization in a swathe wrapping 
the arm against the body. A tight joint, such as 
a shoulder internal rotation contracture, requires 
immobilization in a shoulder spica cast stretching 

Fig. 48.23 Contralateral C7 transfer can be performed 
using a supraclavicular incision along Langer’s lines from 
the injured side to the contralateral neck to the level of the 
trapezius. (Courtesy of Shriners Hospital for Children, 
Philadelphia). (Courtesy of Dan A. Zlotolow, MD, with 
permission)
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the glenohumeral joint. Immobilization is contin-
ued for 3–4 weeks.

The mobilization phase is initiated in therapy 
and continued at home via a home exercise pro-
gram (HEP). The joints are stretched to main-
tain suppleness awaiting nerve regeneration. 
Incisional care is also instructed. The therapist 

must educate the parents on nerve regeneration 
as months will pass before active motion is seen. 
In addition, sensory recovery can result in hyper-
esthesia in infants that manifests as scratching 
or biting (Fig. 48.25). The biting can be severe 
and result in infection and even nibbling away 
of the affected fingertips. Regrettably, there is no 

a

c d

b

Fig. 48.24 Three-month-old child with right global bra-
chial plexus palsy, Horner’s syndrome, and pseudomenin-
goceles at C8 and T1. (Courtesy of Shriners Hospital for 
Children, Philadelphia). (a) Exploration revealed frank 
ruptures of C5 and C6 without continuity. (b) Examination 
of the lower trunk (C8 and T1) beneath the subclavian 

artery revealed intraforaminal avulsions. (c) Passage 
developed behind the esophagus from the normal left bra-
chial plexus to the injured right brachial plexus. (d) 
Contralateral left C7 nerve trunk grafted to right C8 and 
T1 nerve roots using 2.5 cm sural nerve grafts. (Courtesy 
of Dan A. Zlotolow, MD, with permission)
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intellectual reasoning with infants and the par-
ents feel horrible about the biting. We have tried 
numerous medical and home remedies to no avail 
as the infants continue to gnaw at their digits. 
Fortunately, as the sensory recovery progresses 
and the tactile hyperesthesia lessens, the biting 
diminishes. The result is often physical scarring 
to the child and emotional scarring to the parents.

 Nerve Transfer

Nerve rehabilitation following nerve transfer 
is straightforward. Following a brief period of 
immobilization to allow for wound healing, the 
arm is mobilized. Certain nerve transfers allow 
unrestricted motion, while other nerve transfers 
have postoperative limitations (e.g., intercostal 
nerve transfer – Protocol 2). Nerve regeneration 
occurs at a rate of 1  mm/day. The patients are 
instructed to link their donor and recipient nerve 
function (e.g., flexor carpi ulnaris wrist flexion 
and elbow flexion following ulnar to bicep’s 
motor nerve transfer) to promote cortical learn-
ing. This combined movement pattern is per-
formed numerous times per day awaiting nerve 

regeneration. When the donor nerve regenerates 
to the recipient muscle, the patient will “learn” to 
fire his or her recipient movement independent of 
donor function.

 Outcomes

 Nerve Grafts

Reported outcomes following nerve grafting are 
difficult to decipher. There are variable injury 
patterns, varying surgical approaches, and dif-
ferent methods of assessing outcome. The shared 
theme is that the outcome varies directly with the 
number of nerve roots ruptured and avulsed. In 
addition, avulsion of the lower roots portends the 
worst functional outcome.

Gilbert reported on 436 patients who under-
went surgical reconstruction [60, 61]. Follow-up 
was a minimum of 4  years and included those 
patients who had undergone secondary recon-
structive procedure. Assessment of outcome and 
function utilized the Mallet scale. For children 
with C5–C6 injuries, 80% of patients achieved 
good or excellent shoulder function. In C5–C7 
injuries, 61% attained good or excellent shoulder 
function. For C5–T1 injuries, only 25% recov-
ered useful hand function.

Clarke and colleagues at The Hospital for 
Sick Children reported important data regard-
ing the role of neurolysis [62]. The cohort con-
sisted of 108 patients with long-term follow-up 
(minimum of 4 years). Sixteen underwent neu-
rolysis of conducting neuromas-in-continuity 
compared to 92 (48 with C5–C6 injuries and 
44 with total plexus palsies) that were treated 
with neuroma resection and nerve grafting. 
The authors concluded that early functional 
improvements following neurolysis were not 
sustained over time. In contrast, neuroma resec-
tion and nerve grafting produced significant 
functional improvement for both C5–C6 inju-
ries and total plexus palsies. Hence, neurolysis 
should be abandoned in favor of neuroma resec-
tion and nerve grafting.

Fig. 48.25 Tactile hyperesthesia in babies with brachial 
plexus palsies manifests as biting that can be severe. 
(Courtesy of Shriners Hospital for Children, Philadelphia). 
(Courtesy of Dan A. Zlotolow, MD, with permission)
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 Nerve Transfers

The published reports for nerve transfer in bra-
chial plexus birth palsy have focused on the 
shoulder and elbow [63]. Many series include 
variable injury patterns, concomitant nerve graft-
ing, and secondary procedures that confound 
the results. The spinal accessory to suprascapu-
lar nerve transfer has discrepancies in the pub-
lished outcome, especially concerning external 
rotation [64, 65]. Malessy and colleagues rigor-
ously assessed the results following nerve graft-
ing of C5 to the suprascapular nerve (n  =  65) 
or nerve transfer of the accessory nerve to the 
suprascapular nerve (n  =  21) in a retrospective 
analysis 3  years after surgery [65]. Outcome 
was expressed in degrees of true glenohumeral 
external rotation, which can be only performed 
by infraspinatus muscle. Only 17 (20%) of the 
86 patients reached more than 20 degrees of 
external rotation, whereas 35 (41%) were unable 
to perform true external rotation. There was no 
statistically significant difference between nerve 
grafting from the C5 nerve root and nerve trans-
fer using the spinal accessory nerve. Functional 
scores were better with 88% of children able to 
reach their mouth and 75% could touch their 
head. The authors concluded that restoration of 
true glenohumeral external rotation after nerve 
graft or nerve transfer to the suprascapular nerve 
in brachial plexus birth palsies was suboptimal. 
However, compensatory techniques allow a con-
siderable range of functional motion.

Nerve transfers for elbow flexion for elbow 
in children brachial plexus birth palsy have 
more positive outcomes. Nerve donors have 
included the medial pectoral nerve, ulnar nerve, 
and median nerve. Blaauw and Slooff published 
a large series of 25 children that underwent 
transfer of the pectoral nerves to the musculo-
cutaneous nerve [66]. Results were reported as 
excellent in 17 children and fair in five patients 
with two failures. A small series by Noaman 
and a larger series by Little and colleagues have 
reported excellent results with the ulnar and/or 
median nerve [50, 67]. Noaman reported a series 
of seven children that underwent ulnar nerve 
transfer to the biceps at an average of 16 months 

of age. Five children recovered M3 or greater 
elbow flexion, while two children recovered 
less than M3 strength [67]. Little and colleagues 
reviewed 31 patients that underwent nerve 
transfer for elbow flexion using the ulnar and/
or median nerve fascicle transfer to the biceps 
and/or brachialis branches of the musculocuta-
neous nerve [50]. The primary outcome measure 
was elbow flexion and supination as measured 
on the Active Movement Scale (AMS). Of the 
31 patients, 27 (87%) obtained functional elbow 
flexion (AMS ≥ 6) and 24 (77%) had full flex-
ion recovery (AMS = 7). Of the 24 patients for 
whom supination recovery was recorded, only 5 
(21%) obtained functional recovery (AMS ≥ 6). 
Single fascicle transfer resulted in functional 
flexion (AMS  ≥  6) in 85% (22/26) and func-
tional supination (AMS ≥ 6) in only 15% (3/20). 
Combined ulnar and median nerve fascicle trans-
fers were performed in five patients. This combi-
nation resulted in full elbow flexion (AMS = 7) 
and supination (AMS ≥ 5) in all patients.
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Specificity and Controversies 
in the Management of Obstetric 
Brachial Plexus Lesions

Jörg Bahm

 Introduction

After 20  years of regular clinical and scientific 
experience with all surgical aspects of brachial 
plexus birth injury (BPBI), I was allowed by the 
editors of this book to give in this chapter a per-
sonal and synoptic view on specific achievements 
and still existing controversies about this fasci-
nating field of functional reconstructive surgery.

I combine my acquired surgical expertise with 
a literature review, influenced and weighted by 
my active participation in a lot of congresses and 
symposia dedicated to peripheral nerve surgery 
and especially obstetric palsy.

As many and even very recent articles 
describe the general features of BPBI [12], and 
as the overall strategy is also detailed by other 
authors in the present book (see chapters written 
by Gilbert, Kozin, Muset, et al.), we concentrate 
on specific details, relevant for the surgical treat-
ment, expanding thereby the description of our 
center’s strategy and experience [1].

 Causation, Risk Factors, and Types

Obstetric causation mainly concerns relevant 
traction on a heavy child (macrosomia, feto- 
maternal disproportion, peripartum emergency) 
or a breech delivery (shearing of rootlets).

Non-obstetric circumstances for upper limb 
weakness and thus diagnostic alternatives are:

• Atypical upper limb arthrogryposis (without 
relevant joint ankylosis).

• Transient upper limb weakness, well-known 
by neuropediatricians (this condition doesn’t 
need more than physiotherapy as it resolves 
within months).

Types: In our unit, we easily distinguish the 
frequent upper type (involving the roots C5 and 
C6 – extended upper when C7 is also affected), 
the more rare but impressive total palsy (flail 
limb, no hand function, all roots involved), 
and the exceedingly rare C7-centered lesion 
(Fig. 49.1) with the typical posture of a medially 
rotated and elbow flexed arm.

 Natural History

The natural evolution is conditioned by the 
extent and severity of the initial nerve lesion and 
the ongoing activity of biological nerve regen-
eration and its speed, allowing a progressive 
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 proximal- to- distal functional recovery both for 
sensation and motion. Motor recovery is limited 
by the capacity of muscle denervation atrophy 
to reverse and motor end plate survival. Little 
is known about the exact behavior of the latter 
under variable denervation conditions [6] and the 
functional prognosis, but some information helps 
our clinical decision-making:

 1. After 18  months, severe muscle denervation 
might not be overcome by reinnervation. A 
commonly accepted sign of functional muscle 
death is the extinction of spontaneous fibrilla-
tion activity in the electromyogram (EMG).

 2. Sensory end organs seem to survive longer 
periods of denervation and may be targeted 
even later on.

The timing of any early nerve reconstruction 
surgery is thus conditioned by our knowledge of 
the biology of regenerating cones and the target 
organs.

Clinically, our observation focuses on the 
muscle imbalance between agonists and antag-
onists and the biomechanical consequence of 
impaired growth and development – both affect-
ing functional limb integration.

Most importantly, we frequently observe 
medial rotation imbalance of the shoulder joint, 
evolving into glenohumeral dysplasia, as well as, 
but more rarely, complex radial head imbalance 
in elbow flexion-supination resulting in a radial 
head anterior subluxation or even dislocation and 

eventually associated elbow flexion contracture. 
Fortunately, wrist or finger joint deformities are 
very rare but existent (e.g., ulnar head dysplasia 
associated with an ulnar deviated wrist; [3, 4]).

Thus, any clinical observation of a child 
affected by BPBI must be interdisciplinary and 
not driven only by nerve concerns (as it is ini-
tially a nerve trauma) but also include all ortho-
pedic aspects (deformity, growth) and the goal 
of functional reintegration, even when anatomy 
might not be normalized.

 Therapy

Neurophysiology-based physiotherapy is rou-
tinely prescribed at least for 12–18  months for 
every child with an initial severe lesion, under-
going nerve regeneration and progressive func-
tional recovery. “Neurophysiology-based” means 
with detailed understanding of the regeneration 
process, target recovery, and the relearning of the 
complex but physiologic motion pattern during 
the first years of life. Special attention is given to 
all muscle imbalances, the development of soft 
tissue contractures, and orthopedic deformities at 
the shoulder, elbow, and wrist level.

Task-oriented occupational therapy is started 
later on in preschool age and focuses on daily 
activities for social independence and leisure.

Splinting is recommended in specific situa-
tions, either supportive-corrective or as a preven-
tive tool:

a b

Fig. 49.1 C7 centered lesion
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• Corrective splint: for wrist drop, elbow exten-
sion lag.

• Preventive splint: like the lateral rotation- 
supination dynamic (night) splint.

 Diagnostic Ancillary Procedures

We do not rely on electrodiagnostic tools in 
little children, as in our country only very few 
neurologists are qualified and the examination 
is potentially painful and mainly because a good 
correlation between the findings and their prog-
nostic value (estimation of the amount of root 
damage) may only be validated in teams with 
long-term skills [5].

Concerning lesion imagery, we ask for a mag-
netic resonance imaging (MRI) if root avulsion 
is suspected (like in breech presentation or when 
the muscle waste is very fast and spectacular). 
Perhaps in the near future, high-resolution ultra-
sound (being noninvasive, needing no sedation) 
may define the type and ultrastructure of neuro-
mas or rupture sites in the supraclavicular area. 
This exam demands miniaturized probes and 
standardized examination conditions.

 Timing and Surgical Strategy

 Timing

Any total lesion without hand recovery in the first 
2 months and any proven root avulsion will need 
an early surgical exploration and repair, gener-
ally before 3 months. There might be a decision 
conflict with anesthesiology about safety and 
risks [13, 14]. Newborns under 5 kg, babies with 
a “poly-trauma” history of birth, and especially 
those with weakened respiratory function (dia-
phragm palsy by phrenic nerve damage, bronchi-
olitis, airway problems) must be evaluated and 
discussed carefully.

In our unit, all subtotal (meaning with pre-
served hand function) cases with insufficient 
functional recovery are operated between 6 and 

9 months (or even older) to expose and repair the 
common root or trunk ruptures and neuroma. In 
an unpublished cohort comparison of upper BPBI 
children operated before or after 12 months, there 
was no significant difference in the postoperative 
outcome for shoulder and biceps function [8] – 
that does not mean that we would wait all that 
time, but that we consider for primary surgery 
also children presenting the first time older than 
9 months, if the shoulder or elbow flexion func-
tion is definitely too weak.

 Surgical Strategy

The primary aim of any BPBI reconstructive sur-
gery of the brachial plexus itself is to re-establish 
a near to normal anatomy, i.e., a root to trunk 
continuity. This requires a minimum of three 
good-quality roots available and the direct coap-
tation of the proximal and distal stumps, best by 
suture  – which is possible for some short neu-
roma under 15 mm and after extensive distal dis-
section [3, 4] – or by routine fascicular grafting.

If upper root quality is bad, either considering 
their number or histologic tissue quality, mean-
ing an insufficient motor fiber source, additional 
nerve transfers must be considered.

With two or less available roots, a prior-
ity list of functional targets must be followed 
(Table 49.1) and includes absolute priority of the 
hand, the focus on a basic limb function includ-
ing active elbow flexion and shoulder stability 
with sufficient active abduction (60°), forward 
flexion (30°), and active lateral rotation. In these 
cases, additional donors for extraplexic neuroti-
zation must be considered like the spinal acces-

Table 49.1 Major targets for primary reconstruction 
surgery

Hand first: Sensation and finger (thumb) flexion
Elbow flexion
Shoulder stability and motion (including a stable 
scapula)
Elbow and wrist extension
Forearm prosupination
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sory nerve (for suprascapular nerve or biceps 
motor branch) or intercostal nerves (for biceps or 
triceps targeting).

We don’t use contralateral C7 transfers in chil-
dren, unlike other teams with good results [9] and 
never use the phrenic nerve in children.

In some specific conditions (more than two 
root avulsions), we actually stress a transdis-
ciplinary paradigm, thinking out of the “nerve- 
only” box, and target additional distal nerves like 
the thoracodorsal and long thoracic nerve in the 
primary setting with intercostal nerves, in antici-
pation of potential late surgery: a reinnervated 
latissimus dorsi muscle is always a good sec-
ondary donor, and a stabilized scapula by means 
of basic serratus and trapezius muscle function 
allows further motion reconstruction by means of 
muscle transfers.

 Technique

Child supine, head turned to the contralat-
eral side, neck-arm and one leg sterilized and 
draped. Suprascapular transverse approach, adi-
polymphatic fat pad retraction, exposure of the 
interscalene triangle, supra- and retroclavicular 
dissection, identification of the lesion, resec-
tion of scar and neuroma, proximal and distal 
stump assessment by instant neuropathologic 
examination of the stump slices, intraplexic 
reconstruction.

Documentation in a drawing (Fig.  49.2); 
3 weeks of immobilization (Fig. 49.3).

 Nerve Transfer Techniques  
(Table 49.2)

When performing a nerve transfer, one has to 
consider the frequent difference in tissue quality 
of the healthy donors and the demyelinated recip-
ients: difficult (interfascicular) suture, implying 
high quality of the microsurgical technique in 
nerve coaptation.

Our most frequent transfer aims to re- establish 
the shoulder rotational balance, by transferring 
the distal branch of the spinal accessory nerve 

onto the suprascapular nerve, generally nonselec-
tive, but in specific cases on the motor branch to 
the infraspinatus muscle or teres minor muscle. 
This contributes to our regimen of early treat-
ment of shoulder medial rotation contracture 
(MRC; Table 49.3).

In C5 and C6 root avulsions, we restore biceps 
and deltoid/spinati activity by commonly used 
nerve transfers onto the motor branches of the 

Fig. 49.2 Intraoperative drawing

Fig. 49.3 Immobilization
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musculocutaneous, axillary, and suprascapular 
nerve (Table 49.2).

 Analysis of the Lesion (Drawings)

A basic drawing realized just at the end of the sur-
gical procedure gives a long-lasting compilation 
of important information about the lesion: root 
avulsion(s) or traction-induced trunk rupture(s), 
the neuroma in (dis)continuity. More traction 
may result in avulsion with ganglion exposure in 
the extraforaminal interscalene operative field.

Figure 49.2 gives an example; the drawing is 
further annexed to the patient’s chart.

 Secondary Surgery

Secondary procedures are either aimed to 
improve motor function (and then they should 
not be indicated before the nerve regeneration – 

with or without nerve reconstructive surgery – is 
completed, i.e., about 2 years) or to interfere with 
the global limb architecture (joint relocation, 
bone correction).

Ideally, these operations should be completed 
before school age, although some muscle trans-
fers and their specific reeducation clearly need a 
good compliance.

Concerning muscle (tendon) transfers, we 
summarize our strategy in a table with a topo-
graphic classification (Table 49.4). Always con-
sider that the donor might have been affected 
by the initial nerve lesion and thus is a reinner-
vated, less powerful muscle, which will lose an 
additional MRC grade with transposition.

Any joint relocation should be addressed 
very early, first by therapy (exercises and splint; 
Fig. 49.4) and then by open surgery, to prevent 
dysplasia and associated joint incongruity.

Osteotomies are regularly late and last steps, 
as they change a global arm or forearm posi-
tion and should be performed after taking the 
patient’s own wishes into consideration. For 
example, the decision to correct a late medial 
rotation position anomaly often is only taken 

Table 49.2 Nerve transfer techniques

For elbow flexion, targeting the motor branches of 
biceps and brachialis muscle: Donors are motor 
fascicles from ulnar and median nerve, intercostals, 
11th nerve
For arm abduction, targeting the axillary motor 
branches: Donors are motor branches to the triceps 
muscle
For shoulder external rotation, targeting infraspinatus 
muscle: By the 11th nerve
For latissimus dorsi and serratus m. activity: By 
intercostals

Table 49.3 Medial rotation contracture (MRC) of the 
shoulder: treatment options for a rotational rebalance

Closed relocation of a dorsally subluxated humeral 
head and immobilization for 4 weeks
Passive ROM exercises (arm adducted – Perform lateral 
rotation – Stretching anterior capsule and soft tissues, 
especially subscapularis muscle)
LR-supination splint at night
Botulinum toxin injection in subscapularis muscle
Anterior shoulder release: Coracoid shortening, section 
of coracohumeral and coracoacromial ligaments, 
lengthening of subscapularis tendon, section of anterior 
glenohumerale capsule
Nerve transfer of the distal spinal accessory nerve to 
the suprascapular nerve (± selective)

Table 49.4 Secondary surgery

Topographic classification of muscle transfers, 
according to the aim
Shoulder:
LR in an abducted arm: LD and TM
LR in an adducted arm: Horizontalized TM, PecM 
rerouting or lower trapezius
Elbow:
Flexion or extension: LD
Forearm:
Correction of supination deformity:
  Biceps tendon rerouting (Zancolli)
  BR rerouting (Özcan)
Wrist:
Extension: FCU or PT
Radial deviation: Özkan sling procedure
Hand:
Thumb opposition: PL, abductor V
Clawing: Zancolli lasso

LR lateral rotation of the shoulder, LD latissimus dorsi 
muscle, TM teres major muscle, PecM pectoralis major 
muscle, BR brachioradialis muscle, FCU flexor carpi 
ulnaris muscle, PT pronator teres muscle, PL palmaris 
longus tendon
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after puberty or in the young adult, when the 
shift of decision has occurred from the parents 
to the patient himself. There is no argument in 
the literature showing that the results of this 
procedure are influenced by the age at the time 
of surgery.

Recently, we focused on more rare deformities 
with multifactorial, often unknown pathophysi-
ology, like radial head subluxation (Table  49.5 
summarizes our surgical strategy) and ulnar wrist 
deviation (Table 49.6; [3, 4]).

Here follows a list of still unsolved and 
debated issues:

• Finger flexion weakness: transfer of latissi-
mus dorsi down to finger flexion tendons or 

free gracilis muscle transfer [2] – unpredict-
able functional results.

• Loss of intrinsic finger extension (at the PIP 
and DIP level).

• Radial head dynamics.
• Late GH deformity.
• Glenoid reconstruction by means of neck 

angulation correction (opening wedge osteot-
omy), dorsal capsule tightening.

 Results and Outcome Measures

We use active and passive ROM measurements as 
they are simple and reliable.

They are mostly target-focused (joint motion 
in one plane).

There exist a lot of functional, global assess-
ment questionnaires and scales, which are beyond 
our competence and scope in this chapter. The 
perception of the functional improvement by the 
parents is an important factor and might be visu-
alized by amateur photographs sent back to the 
surgical team (Fig. 49.5).

 Prevention and Medicolegal Issues

The intraoperative precise description of the 
lesion itself is the best diagnostic assessment we 
may provide so far, to parents, doctors, therapists, 
and lawyers. Our additional role, beside our sur-
gical work, is to enhance awareness concerning 
the reality of BPBI among obstetricians and mid-
wives but also pediatricians and neurologists.

 Further Developments

Some mandatory improvements may arise from 
new technologies:

Fig. 49.4 ER-sup splint

Table 49.5 Radial head (volar) subluxation

Aim: Prevent dislocation and elbow ankylosis
Rationale: Open joint relocation with radius shortening 
osteotomy, allowing the radial head to drop again into 
the capitellar fossa, reconstruction of the annular 
ligament, change of the supinating lever arm by biceps 
tendon rerouting or transposition onto the proximal 
ulna
Caveats: Proximity of posterior interosseous nerve, 
radial head vascularization, recurrent subluxation

Table 49.6 Ulnar wrist deviation

Aim: Understand and rebalance the wrist axis before 
growth disturbance arrives
Classification on radiologic standard views [3, 4]
Tendon rerouting: Özkan “switch” procedure [11]
Bone correction, e.g., Sauvé-Kapandji leveling

J. Bahm



553

a

d e

c

b

Fig. 49.5 Global result: photos sent from parents
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• A better preoperative imaging: high- resolution 
ultrasound?

• Intraoperative functional testing by electro-
stimulation (nerve conduction studies better 
than a simple motor response to electric 
stimulation?)

• Biologic enhancement of nerve regeneration 
capacity, influencing the speed of nerve regen-
eration, or motor target (end plate) 
preservation.

 Ongoing Controversy

 1. Is neurolysis still an option in severe lesions, 
despite Clarke’s paper [10]?

Most of the BPBI observed at birth recover 
so well that their morphologic nerve lesion is 
never exposed surgically or precisely viewed 
on any imaging technique. But we hypothesize 
that besides rare simple elongation injury caus-
ing transient neurapraxia, most of these “hidden” 
lesions are neuromas in continuity. As they give 
good function, we don’t bring them to surgery. 
Those with bad function are exposed and then 
the paradigm of the resection of a nonconducting 
neuroma in continuity applies.

The dilemma is within the evaluation of that 
neuroma and the criteria set for conductivity.

Distal to the lesion, one frequently gets good 
muscle contraction upon 1–2  mA stimulation, 
but often the proximal stimulation is needing 
higher intensity to elicit muscle activity, and then 
the decision about neuroma resection is purely 
subjective:

 – Some resect all neuromas whenever the patient 
is indicated for surgery and then a graft repair 
is done.

 – Grossman [7] proposes the jump-graft proce-
dure, where only the badly conducting areas 
are excised and grafted. This needs careful 
epineurotomy and interfascicular dissection 
within a neuromatous environment, made of 
mingled minifascicles.

 – “Never say never”: If the intraoperative expo-
sure and nerve cleaning show a neuroma in 

continuity with “acceptable” stimulation and a 
rather preserved fascicular structure, com-
bined with “promising” preoperative function, 
I would give this structure a chance, as it 
might also be upgraded later on by selective 
nerve transfers (e.g., when the elbow flexion 
definitely lays behind, a Oberlin-type nerve 
transfer may be done as a second step, if C7 is 
not too badly involved in the lesion). This is a 
very individual decision, also including the 
parents who argue they are afraid of losing 
functions that have recovered so far. In our 
consent policy, we have to take this aspect into 
account, and we have to accept restrictive per-
missions given from the parents.

There is no 100% rule about neuroma excision, 
but this emphasizes the absolute need for lesion 
exposure, as only this supra- and retroclavicular 
dissection with clear definition of the lesion will 
allow to further perform an external neurolysis 
and to analyze the lesion area by means of mor-
phology and electrophysiology.

 2. What are the requirements of a surgical team? 
Countries with referral centers (BPBI pro-
grams), center building? Including neurope-
diatrician, PT/OT, psychologists?

When meeting colleagues from other coun-
tries, we notice how differently caregivers are 
organized. BPBI surgery seems to stay concen-
trated in few colleagues’ hands; and the claim for 
“specialized centers” is maintained. The medical 
view should be interdisciplinary, and a constant 
exchange with physiotherapists and occupational 
therapists is mandatory, also because treatment 
plans last for the whole growing period.

 3. Importance of counselling and nonmedical 
measures (mother’s trauma therapy, school 
integration, sports, adult life, and especially 
work adaptation).

Over the years, we learned a lot from parents 
and other, nonmedical professionals.

For some mothers and parents, the birth 
event is a long-lasting physical and psychologi-

J. Bahm



555

cal trauma affecting the whole family setting but 
mostly the mother, with a lot of feelings of guilt. 
Trauma therapy might be an issue, when every-
day life gets too influenced by coping mecha-
nisms that affect the relationship with the child, 
school environment, etc.

School integration among peers and sport 
activities are not always self-explanatory, as only 
few people are really aware what BPBI sequelae 
mean with respect to function, posture, psycho-
logical impact, and self-image changes.

Patients and parents choosing education and a 
work profile may need good explanations about 
limited range of motion and strength and further 
degenerative changes due to unfavorable biome-
chanics – especially at the shoulder level.

 4. Neglect, pain, and sensation deficit.

Neglect might be seen early in the severe and 
complete cases. It may be explained by a pref-
erence given by the cortical decision-making 
toward the unaffected arm and may be addressed 
by physiotherapy, e.g., specifically in a setting of 
constrained-induced movement therapy (CIMT). 
We need to clearly define these settings, the time 
and logistic frame; we also need to explain the 
logics of neglect (which is not the same than 
“laziness”).

Pain is more often referred when the child is 
prone to infectious disease and febrile; and very 
little is known about the impact and extent of 
sensation deficit in small children, although good 
measurement tools do exist for pressure and 
thermoception. Probably, physiotherapy in the 
future should look even more on somatosensory 
reeducation.

 5. Limb development and length discrepancy.

Clinical experience shows that especially 
complete lesions and severe lower root involve-
ment lead to limb shortening. Historic pictures 
like German emperor Wilhelm II with a hidden 
hand are becoming rare, because total palsies 
are nowadays operated and nerve lesions recon-
structed. However, a severe lack of nerve fiber 
sources will not only end up with muscle weak-

ness but also with various aspects of impaired 
development (muscle imbalance, joint incongru-
ency) and, more visible, with long bone shorten-
ing [15].

In exceptional cases, diaphyseal distraction 
surgery may be indicated to correct limited bone 
shortening, although no functional benefit is 
gained after those corrections  – making a very 
strict education and informed consent procedure 
absolutely mandatory.

 Conclusion

Severe BPBI lesions nowadays benefit from early 
microsurgical nerve repair and a huge variety of 
secondary procedures. Decision-making and 
operative skills remain individual, but the func-
tion may be improved and, hence, the negative 
impact on growth, self-image, and functional use. 
The generation of pioneers taught us a valuable 
reconstructive strategy we are still busy to spread 
and refine.

Surgery alone is not an option; and interdis-
ciplinary approach is mandatory, including all 
therapeutic options, splints, counselling, and 
incentives for sport and professional activity.

A confirmed diagnosis of BPBI will never be 
erased from patient’s history, but we are privileged 
to own an extensive toolbox to allow acceptable 
living conditions for this patient group.
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Surgical Approaches for Brachial 
Plexus Birth Injuries

José L. Borrero

 Introduction

By definition, a surgical approach has two com-
ponents. One is the description of the path or 
access to the operative site. The other is the 
description of the surgical plan: the strategy and 
method of reconstruction.

Both components are affected by periopera-
tive factors such as risks, vital signs, or fluid 
replacement. These factors are important and 
pertinent to surgery in babies under 1 year of age. 
To be complete, the chapter begins with a brief 
review of some of those factors.

 Perioperative Factors Pertinent 
to Surgery on an Infant

 Anesthesia Risk

Surgical risks include operative risks and anes-
thesia risks. Anesthesia risks are most impor-
tant in defining timing of surgery. Anesthesia 
risks relate to patient’s age and weight. Age is 
calculated as time since conception (post-con-
ceptual age, PCA) or gestation (gestation age, 

GA). A term baby is between 37 and 42 weeks 
PCA or GA.

Anesthesia risks are based on a number of 
adverse events. Neonates (patients age 1–30 days) 
have the highest number of intraoperative adverse 
events. Anesthesia-related adverse events are less 
frequent in ages 1–12 months than ages 1–5 years 
[1, 2].

Anesthesia risks are most commonly related 
to the respiratory system. Apnea (absence of 
breathing for 20  seconds or longer) is the most 
common and most important anesthesia risk fac-
tor [2, 3].

Central apnea relates to respiratory system 
immaturity. This is usually no longer a factor 
after 50–60  weeks PCA, or about 2 ½  months 
since birth for a term baby.

Obstructive apnea relates to upper respiratory 
tract infections (URI), which is more frequent 
after 1 year in age. In a term baby, with no URI, 
anesthesia risks are not higher at 3 months than at 
6, 9, or 11 months of age [2–4].

 Vital Signs

Generally, patients undergoing primary brachial 
plexus exploration and reconstruction are under 
1 year in age, weighting 5–12 Kg (11–26  lbs.). 
For this group, the average respiratory rate is 
20–40 breaths per minute, with a tidal volume of 
7 ml/Kg (about 40–80 ml. for a 12 lbs. baby).
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The average heart rate and blood pressure are 
110–180  beats/min and 90/60  mmHg, respec-
tively. Blood volume averages 80 ml/Kg.

Hypothermia is an important factor since 
infants have decreased ability to regenerate heat 
and have a faster heat loss rate due to the higher 
ratio of surface area to weight. Hypothermia is 
associated with hypoxia, acidosis, hypercapnia, 
and hypoglycemia. Normal core temperatures 
are 36.4–37.7  °C (97.5–100.0  °F). Core tem-
perature below 35 °C is considered hypothermia 
[2, 5].

 Fluids

Infants, having a faster metabolic rate and a 
larger body surface per weight, become dehy-
drated faster than adults. Fluid loss due to fast-
ing over 3–4 h. Must be considered and replaced. 
Insensible water loss is not important in small 
neck incisions. It is important with prolonged 
operative time and exposure of long leg inci-
sions for sural nerve harvesting and large chest 
incisions for intercostal nerve retrieval. 
Maintenance fluid requirements for infants up to 
10 Kg in body weight are estimated at 4 ml/Kg. 
For this group, normal urine output is 0.5–
1.5 ml/kg /h. Inhalation anesthesia, hypoperfu-
sion, and hypothermia are causes of decreased 
urine output [2, 5].

Unrecognized hypoglycemia due to pre-op 
fasting and long operating time must be 
anticipated. Maintenance fluid of 5% dex-
trose in 0.45% normal saline can prevent 
hypoglycemia.

 Classification

Access and path to the operative field varies 
depending on the injury. To make it simple, con-
sider only two types of brachial plexus injuries in 
the newborn: (1) injuries affecting the upper 
plexus (partial) and (2) injuries affecting the 
lower plexus (total).

 Injuries Affecting the Upper Plexus 
(Partial)

Upper plexus injuries involve roots C5, C6, and/
or C7. Roots can be avulsed, torn or partially torn, 
and stretched. A neuroma-in-continuity involving 
the upper and middle trunks may be present. The 
degree or injury extent is quite variable.

Deficits manifested are also variable yet 
almost always include poor or absent shoulder 
motion with weak external rotation, excessive 
internal rotation, and poor or absent elbow flex-
ion and forearm supination. Elbow extension and 
finger grasp are usually normal (normal wrist, 
thumb, and finger flexion). Wrist, finger, and 
thumb extension may be normal or absent. 
Making it simple, upper plexus injuries can be 
considered as displaying a “good hand, bad 
shoulder, and poor elbow flexion” (Fig. 50.1).

Fig. 50.1 Upper (partial) plexus: Characteristic presenta-
tion for patients with upper plexus injuries: “good hand, 
bad shoulder and poor elbow flexion”
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 Injuries Affecting the Lower Plexus 
(Total)

Injuries affecting the lower plexus are most com-
monly associated with a total plexus palsy as iso-
lated lower plexus injuries are rare. Lesions 
affecting the lower or total plexus injuries are 
severe injuries, and the C8 and T1 roots are pre-
dominantly affected.

In total injuries, deficits range from a complete 
flail extremity to one with some shoulder activity 
and minimal elbow, wrist, or finger motion. Since 
lower roots are affected, fingers and thumb are 
usually flail, supple, or cupped with zero flexion 
or extension. Horner’s syndrome is usually pres-
ent on that same side. The presentation is variable, 
depending on severity of injury. It also changes 
rapidly with time. To make it simple, lower total 
injuries can be described as “bad hand, some 
shoulder, maybe Horner’s” (Fig. 50.2).

For these injuries the strategy and method of 
reconstruction is both variable and complex. 
Recovery is usually incomplete. Permanent 
residual deficits usually remain.

 Surgical Approach

 Anatomy

 1. Posterior Triangle

Upper plexus injuries are contained within the 
posterior triangle bordered by the trapezius (Tz), 
sternocleidomastoid (SCM), and clavicle. The 
surface anatomy has been described in Chapt. 2 
and 20.

 2. Cervical Plexus

The cervical plexus, formed from cervical 
roots 1–4, is anatomically closely related to pos-
terior triangle and the brachial plexus. A brief 
simplified review follows.

The cervical plexus has two components: a 
superficial (sensory) and a deep (motor). The 
sensory component emerges deep but becomes 
anterior and superficial as it drapes over the pos-
terior border of the SCM, almost at its midpoint, 
between clavicle and mastoid. The sensory com-
ponent of the cervical plexus is an important 
landmark for it represents the upper limit of 
exposure during surgical exploration of the bra-
chial plexus.

As it drapes over the SCM, the cervical 
plexus branches into posterior auricular, lesser 
occipital, transverse cervical (also called cuta-
neous cervical), and supraclavicular. These are 
purely sensory branches. The supraclavicular 
branch ramifies over the posterior triangle 
toward the clavicle. These cervical plexus 
supraclavicular branches need to be displaced 
or divided during brachial plexus exposure. 
They can, if necessary, serve as nerve grafts. 
Motor branches from roots C1, C2, C3, and C4, 
of the cervical plexus, emerge below, deep to 
the SCM. Posterior fibers join the spinal acces-
sory nerve. Anterior fibers form the ansa cervi-
calis (supplying the “strap” muscles in the 
neck) and the phrenic nerve. These branches 
are mostly motor (Fig. 50.3).Fig. 50.2 Lower (total) plexus: Characteristic presenta-

tion for patients with total plexus injury: “bad hand, some 
shoulder, maybe Horner’s”
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 3. Lymphatics

Numerous lymph nodes are found under the 
deep cervical fascia within the supraclavicular 
fat pad in the posterior triangle. They are 
abundant along the posterior border of the 
sternocleidomastoid muscle and surround the 
cervical plexus as it surfaces to drape over this 
muscle.

On both right and left sides, thin friable lym-
phatics join the junction of jugular and subcla-
vian veins. Lymphatic ducts, on the right side, 
drain the right side of the face, right hemithorax, 
and right upper extremity. On the left side, the 
larger thoracic duct drains both lower extremi-
ties, abdomen, and remaining left side of the 
body (Fig. 50.4).

 4. Arterial Supply

Variations in the location and distribution of 
arteries in the vicinity of the brachial plexus must 
be considered. The subclavian artery is supposed 
to lie below or under the clavicle, as its name 
implies. Oftentimes, this artery is noted “high,” 
above, or in line with the superior border of the 
clavicle and in very close proximity of root C8.

Branches from the subclavian artery travel 
through the posterior triangle in proximity to the 
brachial plexus. Anatomically, the subclavian 
artery is divided into three portions. The more 
distal, third portion ends at the lateral border of 
the first rib. From this point on, it becomes the 
axillary artery. The middle or second portion of 
the subclavian artery lies under the anterior sca-
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Fig. 50.3 The cervical 
plexus and posterior 
triangle: Roots C1, C2, 
C3, and C4 form the 
cervical plexus and split 
into two components: a 
superficial sensory (in 
yellow) and a deep 
motor (in blue). 
Superficial sensory 
nerves enter the 
posterior triangle and 
drape over the 
sternocleidomastoid 
muscle: (1) greater 
auricular, (2) lesser 
occipital, (3) 
supraclavicular, and (4) 
transverse cervical. 
Deep motor nerves form 
the (5) ansa cervicalis, 
(6) phrenic, and (7) 
spinal accessory nerves
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lene muscle and is defined by the lateral and 
medial borders of this muscle.

The thyrocervical trunk originating from the 
first portion, but very close to the medial border 
of the anterior scalene, is of importance to the 
brachial plexus surgeon. Its lateral branches, 
transverse cervical and suprascapular (also 
known as transverse scapular), pass through the 
posterior triangle and must be identified during 
brachial plexus dissection.

Variations in arterial distribution must be con-
sidered. The dorsal scapular artery is a branch of 
the transverse cervical, which originates at the 
thyrocervical trunk. Frequently, however, it can 
originate directly from the subclavian artery. The 
dorsal scapular artery travels under the middle 

trunk or between middle and upper trunks [6] 
(Fig. 50.5).

Two examples illustrate the need to under-
stand the arterial supply through the plexus. (1) 
Serious bleeding can occur if the dorsal scapu-
lar artery is injured during exposure of the 
upper and middle trunks. Both trunks can be 
part of a large neuroma enveloped in scar tis-
sue. Dissection to separate scarred trunks can 
result in injury to the dorsal scapular artery 
traveling between them. (2) Oftentimes the 
transverse scapular artery, when crossing over 
the upper trunk, becomes a tight vascular leash. 
This leash can cause nerve compression when 
the angle between head and shoulder is 
increased.

Internal jugular Thoracic duct

Right Left

Lymphatic duct

Brachiocephalic

Superior vena cava

Fig. 50.4 Lymphatic drainage: Lymphatic drainage from right side of face, right upper extremity and right hemi thorax 
drain to the right side of the supraclavicular region. The rest of the body drains via the thoracic duct to the left side
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 Surgical Approach (Path and Access) 
for Upper (Partial) Plexus Lesions

 1. Incision, Exposure, Technique

Exposure for upper plexus exploration and 
reconstruction is usually obtained through a trans-
verse supraclavicular incision above, and parallel 
to the clavicle. It extends from the posterior border 
of the SCM to the medial border of the Tz (about 
5 cm long in a 4-month-old baby) (Fig. 50.6).

The incision is deepened through the pla-
tysma. The subplatysmal plane is identified and 
bluntly developed. This maneuver exposes the 
deep cervical fascia which is also part of the pos-
terior triangle. The posterior triangle should be 
exposed in all four directions: superiorly to iden-
tify the emergence of the cervical plexus, later-
ally (or posterior) to the medial border of the Tz, 
medially (or anterior) to the posterior border of 
the SCM, and inferiorly to expose the clavicle. 
External jugular veins in this area, over the cervi-
cal fascia, can be ligated (Fig. 50.7).

When addressing the inferior border of the 
posterior triangle, divide the insertion of the 
SCM over the clavicle using the cautery leaving 
the superior border of the clavicle bare. In 

babies, this insertion may include a good por-
tion of the clavicle. Anterior and medial retrac-
tion of the SCM (toward the sternum) allows 
exposure of the anterior scalene muscle above 
and under the clavicle. The phrenic nerve lies 
over this muscle. Direct nerve stimulation will 
confirm its identity.
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Fig. 50.5 Arteries in the vicinity of the brachial plexus: When both trunks are part of a large neuroma enveloped in scar 
tissue, dissection to separate scared trunks is dangerous and can result in injury to the dorsal scapular artery traveling 
between them. The dorsal scapular artery may originate from the subclavian artery (as shown) or from the thyrocervical 
trunk (UT upper trunk, MT middle trunk)

Fig. 50.6 Incision, upper plexus: Transverse supracla-
vicular incision for upper (partial) plexus exploration and 
reconstruction. It extends from the posterior border of the 
sternocleidomastoid to the median border of the trapezius 
across the posterior triangle
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One must remember that this point, over the 
anterior scalene and deep to where the clavicle 
and sternum meet, the internal jugular vein joins 
the subclavian vein.

The omohyoid muscle is another important 
landmark. It travels from the superior border of the 
scapula to the hyoid bone and crosses the posterior 
triangle obliquely, superficial to the deep cervical 
fascia. It divides the posterior triangle into two tri-
angles: one superior and one inferior. The superior 
one (the occipital triangle) is larger and contains 
fat and lymphatics and the spinal accessory nerve. 
The smaller, inferior triangle over the clavicle (the 
omoclavicular or supraclavicular triangle) con-
tains portions of the upper trunk and lower plexus. 
The omohyoid can be divided, not forgetting that 
its location serves as a reference point. Most sur-
geons do not repair this muscle.

Now the anterior border of the posterior tri-
angle must be addressed. Remember that the 
anterior border of the posterior triangle is the 
posterior border of the SCM. Make a shallow 
incision along the posterior border of the SCM 
and mobilize this muscle edge. The dissection is 
extended superiorly as far as the cervical plexus 
as it drapes over the SCM.  Inferiorly, it is 
extended as far as the clavicle.

The incision along the posterior border of 
the SCM is deepened to include the border with 
the anterior scalene. This maneuver permits 
elevation and mobilization of the fat pad in the 
posterior triangle. It allows for the creation of a 
flap, hinging posteriorly, toward the trapezius. 
This flap is part of the supraclavicular fat pad 
with its lymphatics. When lifting the flap, the 
transverse cervical artery is exposed. It can be 
ligated and divided. Mobilization of the flap 
exposes the upper trunk, upper roots, and the 
phrenic nerve. During wound closure this flap 
may serve to cover nerve grafts, if used to 
bridge the gap after neuroma resection 
(Fig. 50.8).

The phrenic nerve is traced proximally to the 
point where it communicates with brachial 
plexus root C5. Since this communication is quite 
constant, it serves to positively identify root C5. 
It is important, however, to expose root C5 proxi-
mal to its communication with the phrenic nerve. 
If necessary, the dissection may continue proxi-
mally toward C5 vertebra and its root foramen, 
the origin of C5 plexus root.

Exposure of the superior border of the clavicle 
requires dissection of the subclavius muscle, 
although at times this muscle is not very promi-
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Fig. 50.7 Subplatysmal 
exposure of the posterior 
triangle: 1. Spinal 
accessory nerve, 2. 
omohyoid muscle, 3. 
cervical plexus, 4. 
phrenic nerve, 5. internal 
jugular vein
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nent. The suprascapular artery may be within 
this muscle and must be kept in mind. When dis-
secting the superior border of the clavicle medi-
ally, toward the sternoclavicular joint, a 
high-riding subclavian artery or branches of the 
thyrocervical trunk may come into view.

Dissection laterally, along the superior border 
of the clavicle, allows visualization of the distal 
upper trunk and its branches (the suprascapular 
nerve and the anterior and posterior divisions of 
the upper trunk). The suprascapular nerve should 
be dissected as far distally as possible and tagged.

At times, clear visualization of the distal upper 
trunk divisions may not be possible for they lie 
under the clavicle. Extended exposure can easily 
be obtained by dividing the clavicle which allows 
its inferior retraction.

A simple longitudinal incision dividing the 
periosteum over the clavicle allows exposure of a 
small central area of bare bone. Transection of 
the clavicle at its midpoint should follow. 
Downward retraction of the divided clavicle and 
periosteum allows inferior angulation and pro-
vides additional exposure of the distal upper 
trunk and its divisions. If maintained within its 
periosteum, the divided clavicle does not need 
fixation. Suture approximation of periosteal 
edges, maintaining clavicular bone ends in align-
ment, is sufficient [8, 9] (Fig. 50.9).

 Surgical Approach for Lower (Total) 
Lesions

 1. Incision, Exposure, Technique

Total (lower) lesions may require exposure 
and exploration of the entire plexus. Proximally, 
the surgeon must be able to directly observe and 
inspect all plexus roots and, if necessary, all five 
vertebral foramina. Distally, components of the 
plexus within the infraclavicular or retroclavicu-
lar areas may need exposure.

For total injuries, the “Z-shaped or L-shaped” 
incision along the posterior border of the SCM 
and superior border of the clavicle is best suited. 
Note that this incision can also be used as an 
approach for just an upper plexus problem 
(Fig. 50.10).

To expose the retro- and infraclavicular areas, 
the neck and supraclavicular incision can be 
extended obliquely across the clavicle.

For a more “complete” exposure of the 
entire plexus, the same incision is continued 
parallel to and below the clavicle toward the 
coracoid process ending at the deltopectoral 
groove. This incision allows exposure of cords, 
branches from cords, and terminal nerves. This 
incision also facilitates division of the 
clavicle.

Trapezius
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Cervical plexus
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Fig. 50.8 Mobilization 
of the supraclavicular fat 
pad: An incision along 
the posterior border of 
the sternocleidomastoid 
muscle allows 
mobilization of the 
supraclavicular fat pad 
as a flap, hinging 
posteriorly
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Approach for total injuries begins with a 
supraclavicular exposure of the upper plexus. As 
described earlier, this can be done through a sim-
ple transverse incision or through the “L-shaped 
or Z-shaped” incision. Lower plexus roots, (C8, 
T1) are found close to, or under, the superior bor-
der of the clavicle under the anterior scalene 
muscle. The anterior scalene continues under the 
clavicle to its insertion in the first rib.

In total plexus injuries, spinal nerves could be 
avulsed or involved in a neuroma-in-continuity. 
When upper roots are avulsed and scarred, upper 
and middle trunks may retract toward the clavi-
cle. When there is no continuity with the spinal 
cord, the expected location for upper and middle 

trunks is found devoid of normal nerve fibers. 
Rather, interscalene muscle fibers mixed with 
scar tissue are encountered.

Special attention must be paid when dissect-
ing the superior border of the clavicle, and pro-
ceeding medially, toward the sternoclavicular 
joint, to expose the lower plexus. Important 
structures are found in this area. The phrenic 
nerve and jugular vein are in front of the scalene 
muscle. Plexus roots and T1, the lower trunk, and 
subclavian artery lie behind the anterior scalene 
and drape over the first rib.

Anatomical variations must be kept in mind. A 
lower trunk may not exist. Instead, T1 may join 
C8 quite distal, under the clavicle, or C8 may 

Middle trunk

Upper trunk
neuroma

Suprascapular n.

Posterior
dividion

Anterior
dividion

Fig. 50.9 Simple 
clavicular osteotomy for 
extended exposure: 
Division of clavicle after 
a longitudinal periosteal 
incision followed by 
inferior retraction allows 
extended exposure of the 
distal upper and middle 
trunks
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branch to the posterior cord before joining T1 to 
form a lower trunk. To add confusion, T2 may be 
involved, contributing to the lower trunk [10, 11].

To make matters worse, C8 may be avulsed 
and lie in this area. It may be engulfed in scar tis-
sue, involving the anterior scalene and the sub-
clavian artery. Extreme care must be used during 
this dissection in trying to define the anatomy. 
Magnification and good light are essential. To 
improve exposure and expand the field, clavicu-
lar osteotomy should be considered. One should 
not hesitate in doing so.

 (a) Clavicular Osteotomy

The lower plexus, divisions forming cords, 
and the lower trunk may be found in the retrocla-
vicular area. Access and safe exposure are readily 
obtained by dividing the clavicle.

Clavicular osteotomy begins by first exposing 
the superior border of the clavicle. Portions of the 
subclavius muscle under this border may need 

resection. As mentioned earlier, exercise caution, 
for the suprascapular artery, if large and injured, 
may cause unnecessary bleeding. In addition, 
injury to a “high-riding” subclavian artery, if pres-
ent, can be a serious life- threatening complication.

Next, expose the inferior border of the clavi-
cle by stripping the clavicular portion of the pec-
toralis major muscle. As needed, the inferior 
border can be exposed from coracoid to claviculo- 
sternal junction.

Complete transection of the clavicle is best 
done by first creating periosteal flaps. Once the 
bone is exposed, clavicle osteotomy site is 
marked. Small, 1  mm drill holes are made 
approximately 1  cm from the osteotomy mark. 
The clavicle is then cut. Retraction of divided 
ends allows full exposure and access to the lower 
plexus as well as important structures in the ret-
roclavicular area (Fig. 50.11).

Once exploration and reconstruction are com-
pleted, anatomical approximation of the divided 
clavicle ends should be done. Absorbable mono-

a
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c

Fig. 50.10 Incisions for total plexus: (a) Classic incision. (b) Extension of classic incision. The Incision is continued 
over clavicle to expose retro- and infraclavicular areas. It is important to make incision angles labeled A, B, 45 degrees 
or greater to avoid devascularization of these triangular skin areas. The “X” marks the location of the coracoid process. 
(c) Complete exposure. Infraclavicular extension to allow complete exposure of the plexus

J. L. Borrero



567

filament sutures can be used for this. The clavicle 
is aligned, and once tied, the suture maintains 
alignment and fracture-site approximation. After 
that, periosteal flaps are approximated to cover 
the fracture line.

 2. Approach to Infra- and Retroclavicular Areas 
(with or Without Osteotomy) [12]

Close to the clavicle, muscle fibers of the cla-
vicular portion of the pectoralis major are split, 
and the interpectoral space is entered. The cora-
coid process, an important landmark, is palpated. 
The pectoralis minor is identified and traced to 
its insertion at the coracoid process (Fig. 50.12).

Both lateral and medial borders of the pectora-
lis minor muscle are dissected free. Bluntly, the 
posterior surface of this muscle, enveloped by its 
fascia, is separated from underlying fat. The mus-
cle is mobilized and then is cut at its insertion in 
the coracoid process. Downward retraction, of 
the pectoralis minor (together with portions of 
the overlying pectoralis major), exposes the 
axilla and its contents. That is why the pectoralis 
minor is considered as “the gateway to the 
axilla.” Important components of the brachial 
plexus are found under the pectoralis minor. 
These include cords, formation of cords, branches 
from cords, and terminal nerves, all surrounding 
the axillary artery. The pectoralis minor also 
defines the second portion of the axillary artery 
with its two branches (thoracoacromial and lat-
eral thoracic) (Fig. 50.13).

If needed, improved access to structures in 
this area is obtained by lateral retraction of the 
deltoid muscle edge. It may be necessary to 
divide and ligate the cephalic vein. To gain even 
better exposure, at times, a tight or foreshortened 
pectoralis major requires partial division of mus-
culotendinous fibers near its insertion into the 
humerus.

a

b

Fig. 50.11 Clavicular osteotomy: (a) Clavicular osteot-
omy. It is suggested to create periosteal flaps, mark the 
osteotomy site, and drill holes before dividing the clavi-
cle. (b) Approximation of divided clavicular ends. 
Anatomical rigid fixation can be obtained with a single, 
monofilament, absorbable suture placed through small 
drill holes as illustrated
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Deltopectoral
fold

Fig. 50.12 Approach to 
infra- and retroclavicular 
areas: [1] Close to the 
clavicle, muscle fibers of 
the clavicular portion of 
the pectoralis major are 
split and retracted 
exposing the pectoralis 
minor, dividing the 
pectoralis minor muscle 
at the coracoid allows 
access to the axilla and 
its contents. The 
pectoralis minor muscle 
is considered as “the 
gateway to the axilla”
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 Nerve Transfers

In a nerve transfer (neurotization), a non-injured 
nerve (donor nerve) serving a muscle with nor-
mal function (native muscle) is directed to an 
injured nerve (recipient nerve) serving a non-
functioning muscle (target muscle). Transfers 
where donor and recipient nerves are served from 
roots C5 to T1 forming the brachial plexus are 
considered intraplexual. Transfers including 
donor nerves not from the brachial plexus are 
considered extraplexual. Recipient nerves con-
tain nonfunctioning fibers from injured roots. 
Donor nerves must contain functioning fibers 
from unaffected roots.

Due to variability in root distribution, the 
exact origin, number, and type of fibers contained 
in a nerve (the nerve content) are never known. 
Nerve content varies from person to person. 
Nerve content in a donor nerve is variable and 
never exactly known [13–15].

For a nerve transfer to be successful, the origin, 
number, and type of fibers (nerve content), within 
the donor nerve, must be adequate. With adequate 
nerve fiber content, a donor nerve becomes capa-
ble of eliciting useful contraction in the target 
muscle. But exactly how many fibers are needed 
for a nerve to be “adequate” is not known. 
“Adequacy” of a donor nerve is but an intelligent 
guess based on inexact information [16]. During 
surgery, electrical stimulation can be of help in 
determining adequacy of a donor nerve.

Intraoperative electrical stimulation of a donor 
nerve should result in a “normal” or “acceptable” 
muscle contraction: considered an acceptable 
response. In contrast, stimulation of a recipient 
nerve produces absent or weak muscle contrac-
tion: a non-acceptable response.

Though subjective and inexact, response to 
nerve stimulation is of help in determining ade-
quacy of donor nerves, non-adequacy of recipient 
nerves, and success of a nerve transfer.

Coracobrachialis

Latissimus
dorsi

Subscapularis

Pectoralis
minor

Radial n.

Biceps

Lateral cord

Posterior cord

Axillary n.

Musculocutaneous n.Fig. 50.13 The 
infraclavicular plexus 
under the pectoralis 
minor: Important 
components of the 
brachial plexus are 
found under the 
pectoralis minor. These 
include cords, formation 
of cords, branches from 
cords, and terminal 
nerves; all surrounding 
the axillary artery. 
Notice that on many 
occasions, the axillary 
nerve and posterior cord 
are superior and slightly 
deeper than the lateral 
cord and 
musculocutaneous nerve
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 Nerve Transfers to Restore Shoulder 
Function

Shoulder motion, stability, and control are a com-
plex function. It is mediated by several muscles, 
all acting in synchrony, and supplied by different 
nerves served from all roots of the brachial 
plexus. In order to restore normal function, mus-
cles have to regain appropriate contractile 
strength, coordinated contractions have to occur, 
and joint incongruences must be reduced and 
contractures or laxity of supporting ligaments 
corrected. All of this must take place in the 
absence of pain or compensatory habits. 
Restoration of normal shoulder function is not 
simple!

For the more common upper (partial) plexus 
injury, adequate (not perfect) shoulder stability, 
abduction, and external rotation can be obtained 
with nerve transfers. Function needs to be 
restored in two nerves: the axillary nerve and the 
suprascapular nerve. “Adequate” activity must 
be restored to the three muscles they serve: (1) 
the deltoid, (2) the infraspinatus, and (3) the 
supraspinatus.

 1. Nerve Transfer to the Suprascapular Nerve 
(SSN)

The most common extraplexual transfer is 
transferring the spinal accessory nerve (SAN) to 
the suprascapular nerve (SSN).

 (a) Approach for the Spinal Accessory Nerve 
(SAN)

When performing exploratory plexus surgery, 
one should anticipate the possibility of needing 
to perform a nerve transfer utilizing the SAN. 
Identification and isolation of this nerve is easier 
if done early, when the posterior triangle is 
defined and before formal plexus exposure.

The SAN enters the posterior triangle deep to 
the SCM, a bit superior, but very close to where 
the cervical plexus drapes over the SCM.  The 
SAN travels obliquely in a posterior direction 
toward the trapezius.

To expose the SAN, first identify muscle fibers 
forming the anterior border of the trapezius. Lift 
this muscle border and its fascia and retract it 
posteriorly, exposing the underlying deep cervi-
cal fascia. The SAN is within this fascia. Direct 
nerve stimulation serves to confirm SAN 
identification.

Tagging for future identification should be 
done at this time. This author prefers to use a 
loop of black silk secured with a vessel clip 
instead of a vessel loop with a hemostat. (In one 
occasion the pull from the heavier vessel loop 
and clamp produced significant damage to this 
small nerve.)

For nerve transfer, SAN to SSN, the SAN needs 
be dissected distally as it sends branches into the 
trapezius muscle, forming small fragile arcades. 
SAN transection is done distal to these arcades 
and their accompanying fragile vessels. This is 
important, for it ensures that innervation to the 
proximal trapezius is preserved. It also provides 
sufficient donor nerve length so it reaches the 
recipient suprascapular nerve. Caution: to ensure 
adequate length, it may be safer to wait until the 
SSN is exposed before cutting the SAN.

 (b) Approach for the Suprascapular Nerve: 
Anterior Supraclavicular

The suprascapular nerve is most commonly 
approached through a supraclavicular incision 
exposing the posterior triangle and the upper 
trunk as described earlier in the section for upper 
plexus exposure. Lateral and posterior dissection 
of the superior border of the clavicle allows clear 
visualization of the distal upper trunk. The supra-
scapular nerve is identified as it comes off the 
distal end of the upper trunk. It continues later-
ally diving under the clavicle to the superior bor-
der of the scapula, toward the scapular notch. It is 
dissected as far distal (lateral, posterior) as pos-
sible. It is then transected proximally, close to the 
upper trunk. After ensuring that the nerve is a 
suitable receptor, it should be routed to meet the 
spinal accessory nerve which was previously iso-
lated under the anterior border of the trapezius. 
For this, the suprascapular nerve is passed 
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through a tunnel in the fat pad. As an alternative, 
a wedge is cut in the supraclavicular fat pad 
allowing unobstructed passage of the suprascap-
ular nerve [17, 18] (Fig. 50.14).

 (c) Approach for the Suprascapular Nerve: 
Posterior, Suprascapular

A posterior shoulder incision allows access to 
the SSN and in addition permits exposure of the 
SAN. With this approach, nerve transfer, SAN to 
SSN, can be performed without the need to 
expose the brachial plexus in the posterior 
triangle.

Prior to incision making, appropriate skin 
marks should be made identifying the superior 
angle of the scapula and the acromion. Another 
mark should be made above and slightly medial 
to the superior angle of the scapula. This is the 
approximate location of the SAN. One last mark 
is made for the scapular notch. The notch is 
found about midpoint between the superior 
angle of the scapula and the acromion, along 
the superior border of the scapula. This also 
marks the approximate location of the SSN 
(Fig. 50.15).

A linear incision is made above and parallel 
the spine of the scapula from below the superior 
angle of the scapula to the mark made for the 
scapular notch. Trapezius muscle fibers are iden-

tified below the subcutaneous plane and followed 
to the spine of the scapula. The trapezius is ele-
vated after detaching it from the scapular spine. 
The intermuscular space between trapezius and 
supraspinatus is exposed. In this thin layer, in the 
direction of the superior border of the scapula 
and close to the anterior border of the trapezius, 
lies the SAN.

This same plane is followed anteriorly and lat-
erally over the supraspinatus muscle toward the 
anterior border of the scapula. The supraspinatus 
muscle is retracted inferiorly to expose the ante-
rior border of the scapula. The suprascapular 
notch is identified by palpation or by observing 
the whitish suprascapular ligament over it. The 
suprascapular artery, superficial to this ligament, 
is ligated and divided. The ligament is then 
divided with care not to injure the nerve that 
enters and travels through the notch. Proximal to 
the notch, the SSN is exposed and isolated. The 
nerve is mobilized and traced proximally. Nerve 
transfer SAN to SSN can be accomplished by 
direct end to end coaptation at this level [19–21] 
(Fig. 50.16).

 2. Nerve Transfers to the Axillary Nerve

Donor nerves commonly used for this intra-
plexual transfer include branches from the radial 
nerve to the triceps muscle or branches from the 

Trapezius

Spinal
accessory n.

Supra clavicular
fat pad (incised)

Clavicle

Suprascapular n..

P A
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Sternocleidomastoid

Anterior
scalene

Fig. 50.14 Nerve, 
transfer, spinal accessory 
to suprascapular: 
anterior, supraclavicular 
approach
 The suprascapular 
nerve is cut away from 
an upper trunk neuroma. 
It is routed to meet the 
spinal accessory nerve 
through a tunnel in the 
supraclavicular fat pad 
or after a wedge is cut 
through the fat pad as 
shown. The neuroma has 
been resected and the 
gap between roots C5 
and C6 bridged with 
nerve grafts
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posterior cord. The axillary nerve can be exposed 
via different routes: (1) anteriorly, in the axilla 
(before the axillary nerve enters the quadrilateral 
space) or (2) posteriorly (after the axillary nerve 
exits the quadrilateral space).

The anterior exposure can be through three 
different approaches: (a) an infraclavicular 
approach, (b) an axillary approach, and a (c) del-
topectoral approach. The deltopectoral approach 
is a variant of the infraclavicular approach.

Spinal accessory n.Superior angle

Suprascapular n.

Acromion

Fig. 50.15 Nerve 
transfer, spinal accessory 
to suprascapular: 
posterior suprascapular 
approach
 The Incision is 
illustrated by the blue 
dashed line. The green 
dot is the approximate 
location of the spinal 
accessory nerve 
(superior and slightly 
medial to the superior 
angle of the scapula).
 The red dot is the 
approximate location of 
the scapular notch and 
the suprascapular nerve: 
(midpoint between 
acromion and superior 
angle of the scapula 
along superior border of 
scapula)

Trapezius
Spinal

accessory n. Suprascapular n.

Superior transverse
scapular lgt.

Deltoid

Supraspinatus

Trapesius

Fig. 50.16 Posterior 
exposure of spinal 
accessory and 
suprascapular nerves
 The trapezius muscle 
is detached from the 
scapular spine and 
elevated to find the 
spinal accessory nerve 
under its fascia
 The supraspinatus 
muscle is retracted 
inferiorly to expose the 
anterior border of the 
scapula and the 
suprascapular notch
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 (a) Approach for the Axillary Nerve: Anterior, 
Infraclavicular

An anterior infraclavicular approach is neces-
sary when branches of the posterior cord (upper 
or lower subscapular, thoracodorsal) are to be 
used as donor nerves. It is the best route to expose 
the axillary nerve origin. It permits direct expo-
sure of other posterior cord branches as they 
emerge from the posterior cord. This approach is 
well-known and common for vascular surgeons 
for it allows proximal control of the axillary 
artery.

Unfortunately, this approach may not be 
familiar or popular for the following reasons:

(1) The axillary nerve lies deep in the axilla, 
adjacent to other plexus cords and the axillary 
artery, making dissection tedious. (2) The anat-
omy of the posterior cord and its branches is 
quite variable and at times difficult to define. 
Bonnel and others report that in 50 newborns 
examined, only 33% had a true posterior cord. 
Hollinshead reports that in 36 of 163 cases (21%), 
there was no posterior cord as such. Instead, the 
axillary nerve originated from the posterior divi-
sion of the upper trunk (roots C5 and C6) and 
remained with the subscapular nerves as an inde-
pendent unit. The anatomist Walsh considered 
the usual configuration of the brachial plexus was 
not having a posterior cord [11].

Incision, Approach, Technique (Anterior, 
Infraclavicular) The coracoid process is an 
important landmark. The infraclavicular incision 
centers below the coracoid process and extends 
laterally to the deltopectoral line and medially to 
the midportion of the clavicle (Fig. 50.17).

The infraclavicular incision is deepened to 
expose the pectoralis major fascia. Muscle fibers 
are split or the clavicular portion of the pectoralis 
major is detached from the clavicle. As described 
earlier, after entering the interpectoral space, the 
pectoralis minor is identified. Both medial and 
lateral borders of the pectoralis minor as well as 
its insertion into the coracoid process should be 
mobilized with blunt dissection. Its insertion to 
the coracoid process is then divided. The muscle 
is retracted inferiorly exposing the axilla and its 
contents (Fig. 50.18).

The cords and terminal nerves of the bra-
chial plexus lie deep in this area. Commonly 
the lateral cord is found superficial to the poste-
rior cord. Both the musculocutaneous nerve and 
the axillary nerve originate from their respec-
tive lateral and posterior cords at about the 
same level in reference to the coracoid though 
on average the axillary nerve is in line with the 
coracoid and the musculocutaneous is a bit 
more proximal. In many instances, contrary to 
some anatomical drawings, the posterior cord 
and axillary nerve are found more lateral and 
superior (though deeper or posterior) than the 
musculocutaneous nerve. Also, one must 
remember that a common variation is for the 
musculocutaneous nerve to arise from the 
median nerve instead of the lateral cord [22].

The axillary nerve travels deep and lateral 
over the subscapularis muscle and goes through 
the quadrilateral space. The musculocutaneous 
nerve travels lateral and anterior and pierces the 
coracobrachialis muscle.

Due to the variability of the posterior cord and 
its branches, when transferring branches of the 
posterior cord to the axillary nerve, it is necessary 
to verify that the donor and recipient nerves are 
not served by fibers coming from the same, 

Fig. 50.17 Anterior, infraclavicular incision for expo-
sure of the axillary nerve
 The coracoid process (marked with an X) is an impor-
tant land mark. Borders of the posterior triangle (anterior 
border of trapezius, posterior border of sternocleidomas-
toid and clavicle) are highlighted. The incision is marked 
by a dashed, green line
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injured plexus root. (Nerve fiber content for donor 
and recipient nerves must be different.) [23].

Response to nerve stimulation is of help in 
defining suitability of a donor nerve. Active, obvi-
ous muscle contraction should be noted in response 
to stimulation of a donor nerve. In contrast, no 
muscle response should be noted when the recipi-
ent nerve is stimulated. Although highly subjective 
and inaccurate, this method is widely accepted. It 
is fast and simple and, most times, sufficient.

If there is a good muscle response when thora-
codorsal or subscapular nerves are stimulated 
and no response when the axillary nerve is stimu-

lated, transferring thoracodorsal or subscapularis 
branches to the axillary nerve is expected to be 
successful.

In eight different cases, this author has used 
this approach to transfer branches of the posterior 
cord to the axillary nerve in children under 
2  years of age. Clinical and electromyographic 
return of strong, useful deltoid function was 
obtained in all eight. When the subscapularis 
muscle was used, added benefit due to lessening 
the exaggerated, unopposed tendency for internal 
rotation was noted. When the thoracodorsal nerve 
was used, no ill effect from a denervated 

Pectoralis 
majorCoracoid

Pectoralis
minor

Deltopectoral
fold

Coracobrachialis

Subscapularis

Pectoralis
minor

Radial n.

Biceps

Lateral cord

Posterior cord

Axillary n.Musculocutaneous
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a

b

Fig. 50.18 Approach 
for the axillary nerve: 
anterior, infraclavicular 
exposure. (a) Close to 
the clavicle, muscle 
fibers of the clavicular 
portion of the pectoralis 
mayor are split and 
retracted exposing the 
pectoralis minor. (b) The 
pectoralis minor is 
divided at the coracoid 
process and retracted 
inferiorly exposing the 
axilla and its contents. 
Notice that, as shown, 
on many occasions, the 
axillary nerve and 
posterior cord are 
superior (closer to the 
coracoid or clavicle) and 
slightly deeper than the 
lateral cord and 
musculocutaneous nerve
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 latissimus was noted during a 4-year follow-up 
period [8, 24].

 (b) Approach to the Axillary Nerve: Anterior, 
Deltopectoral

This exposure is similar to the infraclavicular 
exposure described earlier. But being a bit more 
lateral (or distal), it does not lend itself for clear, 
easy exposure of the proximal posterior cord and 
its emerging branches. It is not the best for 
accessing proximal portions of the axillary artery 
in case of emergency. It does allow for a clear 
view of the distal axillary nerve and the quadrilat-
eral space.

The incision for the deltopectoral approach 
follows the pectoral fold at the deltopectoral 
groove. The incision exposes the cephalic vein, 
which can be reflected or transected. The del-
toid muscle edge is reflected laterally and the 
coracoid exposed medially. Splitting or displac-
ing fibers of the pectoralis major allows expo-
sure of the pectoralis minor. Blunt dissection of 
the pectoralis minor borders and coracoid pro-
cess insertion allows its elevation off the cora-
coid. Medial and inferior retraction of the 
pectoralis minor exposes the axilla and its con-
tents [25, 26].

 (c) Approach to the Axillary Nerve: Anterior, 
Axillary

This approach allows excellent exposure of 
the axillary nerve in the axilla, just before it 
enters the quadrilateral space. It also permits 
clear view of the proximal portion of the radial 
nerve. It is therefore excellent when performing 
a radial nerve to axillary nerve transfer anterior 
to the quadrilateral space. Since the axillary 
nerve splits into branches as it enters the quad-
rilateral space, this approach permits selective 
transfer to anterior and posterior branches of 
the axillary nerve. It also allows exclusion of 
recipient sensory fibers. This exposure does not 
permit clear dissection of the posterior cord or 
its branches. It is not suited for exposure of the 
axillary nerve as it emerges from the posterior 
cord [27].

 Incision, Exposure, Technique (Anterior 
Axillary)
An incision is made along the posterior axillary 
fold over the lateral border of the latissimus dorsi 
(Fig. 50.19).

With the arm abducted to 90°, the incision is 
deepened and extended to follow the axillary fold 
for a short distance. The lateral border of the latis-
simus is first identified and then traced proximally 
to its tendon of insertion at the humerus. This 
white, broad, and glistening tendon is an important 
landmark. Together with the teres major muscle, it 
defines the lateral border of the quadrilateral space.

Retracting the teres major laterally (toward 
the elbow in the abducted arm) opens the quadri-
lateral space and allows palpation of the axillary 
nerve as it dives into the space in a posterior 
direction. The teres minor and subscapularis 
muscle lie medially forming the medial border of 
the quadrilateral space.

The axillary nerve is found in the superior bor-
der of the quadrilateral space [28].

Using a right-angle clamp and blunt dissec-
tion, the nerve can be isolated and tagged. The 
axillary nerve usually begins to separate into 

Fig. 50.19 Incision for anterior, axillary approach for the 
axillary nerve: The incision, along the posterior axillary 
fold, over the lateral border of the latissimus dorsi, is 
extended proximally, for a short distance along the axil-
lary fold
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branches as it enters the space. The posterior cir-
cumflex humeral artery also penetrates this space 
along with the nerve.

Superior and anterior to the quadrilateral 
space, just below the coracobrachialis, runs the 
radial nerve. Once the nerve is identified, it is 
traced distally to expose its branches. Usually, 
close to the teres major, the first branch is to the 
long head of triceps (LHT) (Fig. 50.20).

At times, a single common branch supplying 
both the lateral and long heads of triceps is found. 
If this is the case, careful dissection of the com-
mon branch and nerve stimulation allows proper 
identification of the LHT. One of the two nerves 
can serve as donor.

Attention is then paid to the tagged axillary 
nerve. Dissection to define its branches is now 
done proximal to the quadrilateral space. This 
allows selection of desired recipient fibers.

 (d) Approach to the Axillary Nerve: Posterior

A posterior approach to the axillary nerve 
allows exposure of the nerve as it exits the quad-
rilateral space. When a long, posterior incision is 
used, this approach also permits access to the 

radial nerve within the triangular space. This long 
incision allows nerve transfer: radial nerve 
branches to axillary nerve branches. This nerve 
transfer, to restore axillary nerve function, pro-
vides the shortest distance to the deltoid (the tar-
get recipient muscle), which correlates with 
shorter reinnervation time. It also permits exclu-
sion of recipient sensory fibers which reduces 
donor motor fiber dispersion [29].

The long incision is centered at the triangular 
space between lateral and long heads of the tri-
ceps muscle. It follows the lateral border of the 
deltoid ending distally at the deltoid insertion at 
mid arm. Proximally, it ends just posterior to the 
acromion. A shorter incision over the quadrilat-
eral space can be used if the intention is just to 
identify the axillary nerve posteriorly, and a nerve 
transfer using the long head of the triceps is not 
planned (Fig. 50.21).

Reflecting the lateral border of the deltoid ante-
riorly allows exposure of teres minor and major 
muscles. The cleavage between these two is devel-
oped toward the humerus. The teres minor is above 
and more superficial. It passes over the long head 
of the triceps and covers the insertion of the lateral 
head of the triceps, where it  terminates on the lat-
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Axillary n.

Radial n.
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Long head
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Fig. 50.20 Anterior, 
axillary exposure for the 
axillary nerve
 This exposure permits 
a clear view of the 
axillary nerve, the 
quadrilateral space, the 
radial nerve, and the 
long had of the triceps 
branch. It does not 
provide good exposure 
for the origin of the 
axillary nerve from the 
posterior cord or for the 
complete posterior cord 
and its branches
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eral border of the humerus, above the surgical 
neck. The teres major is larger and bulkier and lies 
below and deeper. It passes under the long head of 
the triceps before it terminates in the medial border 
of the humerus, below its surgical neck.

The axillary nerve, usually found in the superior- 
medial portion of the quadrilateral space, close to 
the teres minor and humerus, is bluntly separated 
and identified. Once looped, the nerve is skeleton-
ized, allowing clear separation and identification of 
its branches (anterior, posterior, and sensory).

If a nerve transfer using branches of the radial 
nerve is planned, the interval between lateral and 
long heads of the triceps is developed proceeding 
distally along the arm. The triangular space is 
exposed and the radial nerve is identified within. 
The nerve is isolated and traced proximally up to 
the teres minor. Radial nerve branches to the lat-
eral and long heads of the triceps are found at this 
level. The branch to the long head of the triceps is 
usually the most proximal [30–32].

 Nerve Transfers to Restore Elbow 
Flexion

 1. Nerve Transfer to the Musculocutaneous Nerve
 (a) Approach to Portions of Ulnar or Median 

Nerve in Upper Arm (Oberlin Transfer)

Transferring portions of ulnar and/or median 
nerves to musculocutaneous nerve (MCN) 
branches to the biceps and brachialis muscles is 
known to yield predictable successful restoration 
of elbow flexion [31, 33].

The approach calls for an incision in the 
medial aspect of the arm. It extends linearly 
toward the elbow, in the upper half of the arm 
width, from the pectoral fold or axillary fold to 
mid arm (Fig. 50.22).

The biceps muscle is found superior to the 
incision, above the brachialis muscle. The 
interval between the two muscles is developed 
and the musculocutaneous nerve (MCN) 
comes into view. Continue by isolating the 
MCN.  The biceps branch (at times two 
branches) is identified and separated from the 
MCN. One must remember that variations are 
common and the MCN may arise from the 
median nerve [34].

With frequency, a vascular pedicle providing 
blood supply to the biceps crosses over the nerve. 
The nerve branch to the biceps from the MCN 
arises proximal to this pedicle.

At that same level, but inferior to the median 
nerve and brachial artery, the ulnar nerve is found 
contained within the neurovascular bundle. 
Stimulation confirms its identity and allows iso-
lation and dissection. A portion of the nerve cor-
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Fig. 50.21 Incision and 
anatomy: posterior 
exposure of the axillary 
nerve
 The X marks the space 
between lateral and long 
heads of the triceps 
muscle (the triangular 
space). The incision 
follows the lateral 
border of the deltoid 
ending distally at the 
deltoid insertion at mid 
arm. Proximally, it ends 
at the posterior acromion
 The axillary nerve 
exits the quadrilateral 
space. The radial nerve 
is found deep in the 
triangular space
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responding to the flexor carpi ulnaris, matching 
in size with the branch to the biceps, is selected.

This ulnar nerve portion is cut distally and 
mobilized to meet the branch of the biceps, which 
was cut proximally. This procedure is considered 
a “selective single nerve transfer.” It is aimed to 
restore biceps muscle function (elbow flexion and 
forearm supination) (Fig. 50.23).

If a selective double transfer is intended, a 
portion of the median nerve is transferred to the 
brachialis branch of the MCN in addition to the 
ulnar nerve portion transferred, just mentioned.

For this, the MCN is exposed distal to the vas-
cular pedicle previously mentioned. The branch 
to the brachialis is separated from the cutaneous 
terminal branch of the MCN and cut proximally. 
At this level, but inferiorly, the median nerve, 
within the neurovascular bundle, is found. The 
nerve is isolated and a portion corresponding to 
wrist flexors is selected as donor, for transfer. 
This portion is cut distally, at appropriate length 
to meet the branch for the brachialis [35].

Some surgeons prefer to alter the sequence 
and instead transfer portions of the median nerve 
to the biceps branch and portions of the ulnar 
nerve to the brachialis branch.

 (b) Approach to Intercostal Nerves

For severe brachial plexus injuries, the use of 
intercostal nerves (ICN) to innervate the muscu-
locutaneous nerve (MCN) has been of value. 
Incision and approach usually combine access to 
both, ICN and MCN [36, 37].

For exposure of the ICN, the incision extends 
along the posterior axillary line, curving anteri-
orly along the mammary fold to the mammary 
line.

The incision is deepened over the latissimus 
dorsi to expose the chest wall. The long thoracic 
nerve should be protected. The inframammary 
incision is also deepened proceeding anteriorly 

Fig. 50.22 Incision, nerve transfer: portions of ulnar or 
median nerves to branches of musculocutaneous nerve
 The incision extends from the pectoral fold to mid arm on 
its upper half. It is important not to cross the axillary fold
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brachialis
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Fig. 50.23 Approach 
for nerve transfer: 
portions of median and/
or ulnar nerve to 
branches of 
musculocutaneous nerve
 The musculocutaneous 
nerve is found between 
biceps and brachialis 
muscles. The branch to 
the biceps is proximal to 
a vascular pedicle (X) 
providing blood supply 
to the biceps. The ulnar 
nerve is inferior to the 
median nerve within 
neurovascular bundle
 A portion of the ulnar 
nerve is mobilized to 
meet the cut branch to 
the biceps. A selective 
single nerve transfer is 
shown
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along the chest wall. Portions of serratus and pec-
toralis major muscle fibers attachments to ribs 
may need to be divided. Mobilization of a large 
flap containing the pectoralis major and mam-
mary gland exposing the chest wall follows. Ribs 
3, 4, and 5 are identified (Fig. 50.24).

For each rib, an incision is made over the rib 
and a subperiosteal plane is developed to its infe-
rior border. Muscle fibers from both internal and 
external intercostal muscles are bluntly spread 
apart from the inferior border of the rib. Gently 
grasping, retracting, and elevating the rib helps to 
bring the intercostal nerve into view. Thin, inner-
most intercostal muscle fibers and the almost 
transparent pleura lay underneath separating the 
nerve from the thoracic cavity.

The thin intercostal nerve divides into a super-
ficial sensory and a deep motor component at the 
level of the mid-axillary line. The deeper motor 
branch continues between intercostal muscle 
fibers, while the even thinner sensory component 
becomes superficial (Fig. 50.25).

Isolation of the nerve is done in one of two 
ways: (1) by finding the superficial sensory 
 component and tracing this thin filament proxi-
mally to the common nerve fiber, containing 
motor and sensory components, or (2) by first 
finding the common nerve fiber [38]. Once iden-
tified and isolated, the nerve is mobilized proxi-
mally and distally from the posterior axillary line 
to the costochondral junction, where it is cut. The 
nerve now can be swung toward the axilla.

Some surgeons prefer to expose the MCN 
before isolation of intercostal nerves. For expo-
sure of the MCN, the arm is abducted 90°, and 
the incision is extended along the axillary fold 
to the lateral border of the pectoralis major. It 
then may continue laterally, for a short dis-
tance, along the upper arm. The incision is 
deepened and the pectoralis major is retracted 
medially. This allows exposure of the coraco-
brachialis muscle and the MCN as it pierces the 
muscle.

The MCN is traced proximally, as close to its 
emergence from the lateral cord, as possible. 
Transection of the nerve at this level allows for 
direct coaptation (without the need of nerve 
grafts) with ICN 3, 4, and 5, without tension.

As an alternative, a skin bridge is maintained at 
the axillary fold, and a separate incision is made 
along the mid arm, as previously illustrated in 
Fig. 50.22, when transferring portions of ulnar or 
median nerves to musculocutaneous nerve 
branches (Oberlin transfer). This allows for a more 
distal exposure of the MCN (after it pierces and 
exits the coracobrachialis muscle). Direct coapta-
tion between intercostal nerves and musculocuta-
neous nerve is possible at this level (Fig. 50.26).

 Nerve Transfer for Elbow Extension

Restoration of elbow extension is of importance. 
Useful function can be obtained by transferring 

Fig. 50.24 Incision and flap mobilization for intercostal nerve harvesting
 A large flap containing the pectoralis major and mammary gland is mobilized. This exposes the chest wall and ribs. 
This incision also allows access to the proximal portion of the musculocutaneous nerve
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portions of the ulnar nerve to branches of the 
radial nerve supplying the triceps muscle.

Of the three heads forming the triceps muscle, 
the long head arises from the inferior glenoid in the 
scapula and, thus, crosses the shoulder joint. 
Contraction of the long head produces elbow exten-

sion and shoulder extension and adduction. The 
long head is considered a weak elbow extensor. The 
medial head arising most distal from the humerus is 
thought to be the strongest elbow extensor [39].

 (a) Approach to Branches of Radial Nerve to 
Triceps

Approach for this transfer in the upper arm is 
similar to the approach used for elbow flexion 
transfer (Oberlin), described earlier. A longitudi-
nal incision in the medial upper arm, distal to the 
pectoral fold, is used. The incision is deepened to 
expose the neurovascular bundle just distal to the 
attachment of latissimus dorsi and teres major 
muscles into the humerus. At this point, radial 
and ulnar nerves lie close to each other within the 
neurovascular bundle. The radial and ulnar nerves 
are isolated. Branches from the radial nerve are 
identified.

The branch to the long head of the triceps is 
usually the most proximal branch. Branches to 
the medial and lateral heads are more distal. The 
medial head is most commonly served by two 
branches from the radial nerve: one more proxi-
mal or superior and one more distal or inferior. 
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Fig. 50.25 Exposure of intercostal nerve and anatomy of 
intercostal space: Graphic illustration of intercostal space 
showing relationship between (2) external, (3) internal, 
and (5) innermost intercostal muscles and (6) pleura. The 
intercostal nerve lies inferior to the rib between interior 
and innermost intercostal muscles
 An incision directly over the rib and mobilization of the 
periosteum allows exposure of bare rib. Internal and exter-
nal muscle fibers are bluntly spread. Grasping, retracting, 
and elevating the rib help to bring the intercostal nerve 
into view. Thin innermost intercostal muscle fibers and 
the almost transparent pleura lie underneath the nerve, 
separating the nerve from the thoracic cavity
 1. Division of intercostal into sensory and motor, at mid 
axillary line; 2. external intercostal m; 3. internal intercos-
tal m; 4. sensory (superficial) portion of intercostal n; 5. 
innermost intercostal m; 6. pleura

Fig. 50.26 Nerve transfer, intercostals 3, 4, 5 to distal 
musculocutaneous nerve at upper arm level with a skin 
bridge at the axillary fold
 Intercostal nerves can reach the musculocutaneous at 
the proximal portion of the upper arm. Notice that the skin 
bridge preserves the axillary fold
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The superior branch accompanies the ulnar nerve 
and may be joined by enveloping connective 
 tissue. It has been referred as the ulnar collateral 
nerve (Fig. 50.27).

The inferior branch remains close to the radial 
nerve yet apart from the ulnar nerve before it 
branches out to innervate the medial head of the 
triceps and the anconeus muscle [40].

Either one of these two branches, superior or 
inferior, can become the recipient nerve for 
elbow extension. Bear in mind that the inferior 
branch innervates two muscles that extend the 
elbow: the medial head of the triceps and the 
anconeus. It follows that the inferior branch 
should be the preferred recipient nerve to restore 
elbow extension [41].

Similar to the Oberlin transfer, a portion of the 
ulnar nerve not serving hand intrinsic muscles is 
selected and cut distally to serve as donor nerve. 
Inferior or superior motor branch to medial head 
of triceps is selected as receptor nerve and cut 
proximally. End to end coaptation between a por-
tion of the ulnar nerve (donor) and a branch to the 
medial head of the triceps (recipient) follows.
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 Introduction

Currently, there is no clear consensus on the sur-
gical treatment of the nerve injury in infants with 
Erb’s palsy (C5–C6) and extended Erb’s palsy 
(C5–C7) who fail to attain adequate spontaneous 
recovery. In fact, with the rise in utility of extra- 
plexal nerve transfers, the definition of “adequate 
spontaneous recovery” is beginning to blur. Some 
authors advocate for microsurgical intervention 
with no recovery of antigravity elbow flexion by 
3 months of age [1]. Others have advocated for 
microsurgical intervention if no antigravity 
elbow flexion is present by 6 months of age [2], 
while still others use 9  months of age without 
antigravity elbow flexion as a surrogate for ade-
quate spontaneous recovery [3]. And if the vari-
ability of surgical timing is not confounding 
enough, the variability in surgical procedures is 
enough to confuse even the savviest of those who 
treat these patients. Neurolysis, neuroma exci-
sion and nerve grafting, nerve transfer, and some 
combination of all have been reported in the lit-
erature as acceptable means of treatment in this 
patient population. Moreover, the use of intraop-
erative electrodiagnostic testing and performing 

concomitant procedures for shoulder reconstruc-
tion continue to be debated topics.

 Nonoperative Management

Nonsurgical care is the initial treatment for all 
infants with brachial plexus birth palsy. The non-
surgical care is often initiated prior to evaluation 
in a surgeon’s office by the newborn nursery or 
pediatrician. The care is centered on stretching 
and range of motion exercises focusing on the 
shoulder to preserve motion and prevent contrac-
ture and joint deformity. Infants with Erb’s and 
extended Erb’s palsy most often present with an 
adducted, internally rotated limb at the glenohu-
meral joint, extension of the elbow, pronation of 
the forearm, and flexion of the wrist. Hence, pas-
sive range of motion and stretching regimens 
should consist of external rotation of the glenohu-
meral joint with the scapula stabilized, abduction 
or overhead stretching, elbow flexion, forearm 
supination, and wrist extension. As spontaneous 
recovery of muscle function progresses, the regi-
men is modified to fit the persistent deficits. The 
stretching and range of motion exercises can be 
associated with diaper changes in an effort to 
remind caretakers and improve compliance. In 
addition to passive range of motion and stretching 
regimens, some have advocated the use of the 
static splinting techniques to improve patient 
recovery and musculoskeletal alignment [4].
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 Surgical Management

The indications for microsurgical brachial plexus 
reconstruction continue to be an area of debate 
among surgeons caring for infants with a brachial 
plexus birth palsy. From surgical timing to surgi-
cal procedure, the care of these infants continues 
to evolve with improved understanding of the 
natural history of spontaneous recovery to the 
advancement of surgical techniques. With that, 
almost all will agree that surgical intervention is 
indicated when surgical outcomes are expected to 
be better than natural history.

 Indications

Spontaneous recovery in infants with Erb’s or 
extended Erb’s palsy is quite good, ranging from 
60% to 80%. Early recovery of antigravity biceps 
function (before 3 months of age) often results in 
full neurologic recovery with no functional defi-
cits [5]. The recovery of antigravity biceps func-
tion between 3 and 6 months of age also shows 
good upper extremity function in long-term fol-
low- up but may necessitate the need for second-
ary reconstructive procedures to augment 
shoulder function [2, 6]. Furthermore, evaluating 
the need for microsurgical intervention based 
solely on the antigravity function of the biceps 
may lead to an incorrect prediction of poor out-
come [7]. Including additional assessments of 
elbow, wrist, finger, and thumb extension may 
increase the evaluator’s ability to predict long- 
term recovery of upper limb function and deter-
mine the need for microsurgical reconstruction. 
A Toronto Test Score less than 3.5 at 3 months of 
age and failure to improve from 3  months to 
6 months of age are both indications for micro-
surgical reconstruction [3, 8]. Additionally, fail-
ure of the “cookie test” at 9 months of age can 
also be used as an indication for microsurgical 
reconstruction [3]. Even more recently, the tech-
nique of single muscle or single muscle group 
innervation with extra-plexal nerve transfers has 
further shifted the ambiguity of “indications” for 
primary nerve surgery. This technique can allow 
the surgeon the ability to treat persistent deficits 

in function with targeted microsurgical interven-
tions at later time points in infancy when sponta-
neous recovery might have plateaued.

 Imaging

Preoperative imaging of the brachial plexus in 
infants remains an imperfect science. Plain radio-
graphs provide little to no diagnostic or treatment 
assisting information; hence these are not rou-
tinely obtained. The use of MRI or CT myelo-
gram can be useful for identifying the presence of 
root avulsions by demonstrating the presence of 
pseudomeningoceles or diverticula (Fig.  51.1). 
However, their utility for assessing the location 
or severity of postganglionic injuries remains 
limited. The use of these imaging modalities also 
requires a general anesthetic to obtain quality 
images in most institutions. There are MRI proto-
cols described that obviate the need for sedation, 
but their utility and usefulness have yet to be 
fully determined [9].

When treating infants with Erb’s and extended 
Erb’s palsy, MRI is a useful modality for identifi-
cation of the presence of pseudomeningoceles 
indicating a nerve root avulsion while concomi-
tantly allowing for the visualization of musculo-
skeletal sequelae from the brachial plexus injury, 
such as glenohumeral dysplasia, which is com-
mon in these patients. Ultrasound has also been 
used successfully utilized for the evaluation of 
glenohumeral articular anatomy [10] (Fig. 51.2). 

Fig. 51.1 Magnetic resonance image of an infant with a 
cervical root avulsion and an associated 
pseudomeningocele
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When performing brachial plexus microsurgery 
in combination with procedures for the treatment 
of the musculoskeletal sequelae, one or both of 
these imaging modalities can be useful for preop-
erative planning.

 Electrodiagnostics

The use of preoperative electrodiagnostics in bra-
chial plexus birth palsy is less useful than its use 
in the treatment of adult injuries. The underesti-
mation of injury severity and overestimation of 
potential recovery along with the plasticity of the 
infant neurologic system make the results 
extremely difficult to interpret.

The use of intraoperative electrodiagnostics is 
highly variable between institutions and surgeons. 
Interpretation inconsistencies make studying the 
effectiveness of their use difficult across institu-
tional practices. Surgeons with well- established 
electrodiagnostic programs often employ the use 
of intraoperative electromyography to determine 
conductivity through neuromas- in- continuity by 
using compound muscle activation potentials 
(CMAPs). Others prefer the use of handheld 
nerve stimulators to determine conductivity. In 
addition to distal testing, electrodiagnostics can 
be used to determine the presence or absence of 

nerve root avulsions by utilizing somatosensory 
evoked potentials (SSEPs). Currently, succinct 
recommendations or standards concerning elec-
trodiagnostic use intraoperatively for decision-
making during microsurgical management of 
brachial plexus birth palsy do not exist. Rather, 
their use is guided by institutional availability and 
surgeon preference.

 Surgical Procedures

 Neurolysis
The use of neurolysis alone for treatment of bra-
chial plexus birth palsy and its associated 
neuromas- in-continuity has declined in most bra-
chial plexus treatment protocols in favor of neu-
roma excision and nerve grafting and/or nerve 
transfers. Lin et  al. published a manuscript in 
2009 stating “neurolysis as a complete surgical 
treatment for obstetrical brachial plexus palsy 
should be abandoned in favor of neuroma resec-
tion and nerve grafting.” [11] This view has sub-
sequently been supported by others [12]. That 
being said, some still argue the benefit of neu-
rolysis alone in a certain subset of infants who 
meet clinical indications for microsurgical explo-
ration. Those who support the use of neurolysis 
maintain that some “conducting” neuromas-in-
continuity supply sufficient axonal function to 
alleviate the need to complete excision and graft-
ing. The operative decision to neurolyse versus 
excise a neuroma- in- continuity is based on the 
use of intraoperative electromyography. 
Andrisevic et  al. support the use of neurolysis 
alone when >50% conduction is seen across the 
neuroma during intraoperative testing citing an 
improvement in shoulder and elbow function 
postoperatively [13].

 Neuroma Excision and Nerve Grafting
Neuroma excision and nerve grafting remain the 
gold standard in treatment for infants with Erb’s 
and extended Erb’s palsy who do not recover sat-
isfactory function spontaneously. The concept of 
 neuroma excision rests on the principle of proxi-
mal and distal resection to healthy fascicles. In 
most infants, the proximal resection is at the root 

Fig. 51.2 Ultrasound image of an infant with posterior 
glenohumeral dysplasia and humeral head positioned pos-
teriorly within the glenoid fossa
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level, while the distal resection usually falls at the 
divisional level. In a less common scenario, the 
nerve roots have been avulsed from the spinal 
cord leaving no healthy fascicles proximally. In 
these instances, alternative anatomic reconstruc-
tions have been described, as well as the use of 
extra- plexal nerve transfers.

Surgical approach to the brachial plexus is 
commonly done through a V-shaped incision 
along the posterior border of the sternocleido-
mastoid muscle extending along the superior 
clavicle to the trapezius insertion or alternatively 
through a supraclavicular transverse incision 
from the posterior border of the sternocleidomas-
toid to the anterior border of the trapezius. 
Regardless of incision, the omohyoid muscle is 
transected and retracted medially to identify the 
anterior scalene. The phrenic nerve is intimately 
associated with the anterior surface of the ante-
rior scalene and is a consistent surgical landmark. 
The phrenic nerve can then be traced proximally 
to identify the C5 nerve root. Once identified, the 
transversely oriented C5 nerve root can be traced 
distally to identify the neuroma most often 
located at Erb’s point – the junction of the C5 and 
C6 nerve roots. From this point, proximal dissec-
tion is used to identify the more vertically ori-
ented and deeper C6 nerve root. In an isolated 
Erb’s palsy, this may be the extent of root expo-
sure necessary. In the extended Erb’s palsy, C7 
root identification is necessary. Retraction of the 
C5–C6 neuroma in a superolateral direction will 
facilitate the exposure of C7. Care is taken during 
C7 exposure to protect the transverse scapular 
artery as it often crosses the nerve root at the 
trunk transition. With the proximal plexus dissec-
tion complete, the focus turns to distal aspect of 
the neuroma. The distal aspect of the neuroma 
most often lies at the division or cord level. Given 
the amount of scar present, planning the recon-
struction at the cord level can simplify the surgi-
cal reconstruction of the upper plexus.

After isolation of the neuroma is completed, 
the surgeon must then determine the quantity and 
quality of proximal fascicles available for recon-
struction. Sectioning of the nerve roots proximal 
to the neuroma should reveal healthy fascicles 
with absence of scarring and the presence of 
slight fascicular extrusion from the epineurial 

sheath secondary to elevated intraneural pres-
sure. If healthy fascicles are not evident, sequen-
tial proximal sectioning should be completed 
until healthy fascicles are exposed. The failure to 
expose healthy fascicles prior to encountering the 
vertebral foramen represents the presence of a 
neural avulsion and prevents the associated nerve 
root from being useful in surgical reconstruction. 
As an alternative or in addition to sequential sec-
tioning, some surgeons utilize the presence of 
SSEPs to determine the viability of a nerve root.

After the inventory of available proximal fas-
cicles is complete, the surgical reconstruction 
plan can be delineated. Priorities in reconstruc-
tion for infants with Erb’s and extended Erb’s 
palsy are (1) elbow flexion, (2) shoulder abduc-
tion and external rotation, and (3) wrist exten-
sion. Distal targets often include the lateral cord 
for restoration of elbow flexion and suprascapu-
lar nerve for restoration of abduction and external 
rotation. This can be accomplished in a variety of 
ways based on availability of proximal fascicles 
(Fig. 51.3). When an extended Erb’s palsy is pres-
ent, C7 grafting to the posterior cord or posterior 
division of the middle trunk is performed to try 
and achieve wrist extension (Fig.  51.4). Again, 
variability in the reconstruction pattern is depen-

C5

C6

C7
C11

T1

Fig. 51.3 Brachial plexus reconstruction using C5 nerve 
root to provide fascicles to the suprascapular nerve and 
the C6 nerve root to provide fascicles to the anterior divi-
sion of the lateral cord
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dent on the availability of healthy proximal fasci-
cles. In fact, neuroma excision and nerve grafting 
are often combined with nerve transfer techniques 
to maximize fascicles available for functional res-
toration (Fig. 51.5).

Autologous sural nerve graft remains the gold 
standard for surgical reconstruction of nerve 
defects in brachial plexus surgery. Although there 
are reports outlining the use of nerve allograft 
and nerve conduit for primary reconstruction in 
brachial plexus birth palsy, these techniques need 
considerable more study prior to becoming first- 
line treatments [14]. Neurorrhaphy is most com-
monly completed with 8–0 or 9–0 nylon suture. 
This is then reenforced with fibrin glue. Some 
authors have advocated for the use of fibrin glue 
alone in an effort to decrease intraneural scarring 
as well as decrease total surgical times. The dif-
ferences in these techniques have yet to be explic-
itly studied in this patient population.

 Nerve Transfer
The technique of nerve transfer surgery continues 
to offer an alternative as well as an adjunct to the 
traditional technique of neuroma excision and 
nerve grafting. Since its inception, the technique 

of nerve transfer has been rapidly expanding in 
regard to the number of nerves potentially useful 
as available transfers. In brachial plexus birth 
palsy, nerve transfer techniques have been found 
effective for late presentation, isolated deficits, 
failed primary reconstruction, and multiple nerve 
root avulsions in addition to their expanding use 
for primary reconstruction [15].

Several nerve transfers are commonly used in 
the treatment of infants with Erb’s and extended 
Erb’s palsy. Despite neuroma excision and nerve 
grafting still being the gold standard for primary 
reconstruction, nerve transfer has become increas-
ingly popular in the reconstruction of these upper 
trunk lesions. The proposed benefits include 
avoidance of surgery in a scarred surgical field, 
targeted reinnervation of certain muscle/muscle 
groups in the setting of mosaic recovery where 
neuroma excision may not be indicated, late pre-
sentation, and in those situations where proximal 
fascicles may not be available for reconstruction 
secondary to root avulsion. In addition to their 
exclusive use for primary reconstruction, nerve 
transfer is also used alongside neuroma excision 
and nerve grafting in hybrid reconstructions 
aimed at maximizing functional limb recovery.

C5

C6

C7
C11

T1

Fig. 51.4 Brachial plexus reconstruction using C5 nerve 
root to provide fascicles to the suprascapular nerve, the C6 
nerve root to provide fascicles to the anterior division of 
the lateral cord, and the C7 nerve root to provide fascicles 
to the posterior cord

C5

C6

C7
C11

T1

Fig. 51.5 Hybrid brachial plexus reconstruction with C5 
nerve root avulsed; therefore C6 nerve root is used to pro-
vide fascicles to the lateral cord, and the spinal accessory 
nerve is used to provide fascicles to the suprascapular nerve
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 1. Spinal Accessory Nerve to Suprascapular 
Nerve Transfer
The suprascapular nerve innervates the supra-
spinatus and the infraspinatus muscles of the 
rotator cuff. Effective abduction and external 
rotation of the glenohumeral joint is largely 
dependent on their function. The suprascapu-
lar nerve arises from the superior trunk and is 
often involved in the neuroma associated with 
an Erb’s and extended Erb’s palsy. With avail-
able proximal fascicles, the suprascapular 
nerve can be reinnervated with grafting from 
the cervical nerve roots (C5 or C6). 
Alternatively, the suprascapular nerve can be 
reinnervated with fascicles from the distal 
portion of the spinal accessory nerve, preserv-
ing cervical root fascicles for reconstruction 
of other plexus structures. This nerve transfer 
has been reported by multiple authors to be 
effective for restoration of abduction and 
external rotation in the setting of brachial 
plexus birth palsy [16, 17]. Anterior and pos-
terior approaches have been described for 
completion of this nerve transfer. In infants, 
especially those undergoing concomitant bra-
chial plexus exploration and possible neuroma 
excision and nerve grafting, the anterior 
approach through a supraclavicular incision is 
often most useful.

 2. Ulnar Nerve Fascicle to Biceps Branch of the 
Musculocutaneous Nerve

When the lower plexus is spared from injury, 
the ulnar nerve can provide a valuable source 
of healthy fascicles for transfer to gain biceps 
function. This nerve transfer is often referred 
to as the Oberlin transfer [18]. Through a 
medial approach to the middle brachium, the 
ulnar nerve is identified posterior to the 
median nerve running with the basilic vein. 
After isolating the nerve, intrafascicular dis-
section is utilized to isolate the fascicle most 
responsible for flexor carpi ulnaris function. 
This is done with the assistance of an intraop-
erative nerve stimulator. The musculocutane-
ous nerve is found after it pierces the 
coracobrachialis, running between the biceps 
and brachialis. Tracing the nerve distally, the 
branch to the biceps is found in the middle/
distal third of the brachium. Using the “donor- 
distal, recipient-proximal” technique, the fas-
cicle of the ulnar nerve and the branch of the 
musculocutaneous nerve to the biceps are cut. 
Coaptation in the medial arm is then easily 
achieved in tension-free fashion (Fig. 51.6).

Multiple modifications of the original tech-
nique have been introduced in the recent past. 
The double fascicular transfer uses a fascicle 
from the median nerve to innervate the bra-
chialis in addition to an ulnar nerve fascicle 
for transfer to the biceps branch of the muscu-
locutaneous nerve [19]. Others have used 
median nerve fascicles alone to achieve elbow 

Biceps brachii
(long head)

Musculocutaneous m.

Brachial a.

Brachialis m.

Axillary n.

Radial n.

Coracobrachialis
m.
Median n.

Ulnar n.

Triceps brachii m.
(long head)

Fig. 51.6 Transfer of a 
fascicle of the ulnar 
nerve to the biceps 
branch of the 
musculocutaneous nerve
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flexion via innervation of the biceps branch of 
the musculocutaneous nerve [20]. The spe-
cific technique chosen is tailored to each 
patient based on available healthy fascicles.

 3. Radial Nerve Fascicle to Axillary Nerve
Described by Leechavengvongs and col-
leagues, the transfer of long head of triceps 
branches from the radial to nerve to the motor 
branches of the axillary nerve has proven a use-
ful technique for achieving deltoid function in 
those infants with persistent C5–C6 dysfunc-
tion [21]. As with other nerve transfers, a man-
datory prerequisite for transfer is a functioning 
radial nerve; hence those infants with an 
extended Erb’s palsy may not be the best candi-
dates for this procedure. This operation is typi-
cally described through a posterior approach to 
the brachium. Recently, an anterior approach 
has been described [22]. In infants, this 
approach is often easily incorporated with 
additional procedures, including additional 
nerve transfers and/or open procedures for 
treatment of glenohumeral dysplasia.

 Concomitant Surgery

 Shoulder Realignment for Treatment 
of Glenohumeral Dysplasia

The care of children with persistent Erb’s and 
extended Erb’s palsy is rarely limited to decisions 
involving microsurgical nerve reconstruction. In 
fact, the majority of children experience sponta-
neous recovery sufficient to preclude the need for 
nerve intervention, while many without complete 
motor recovery will have some degree of gleno-
humeral dysplasia. When taking care of infants 
who meet the indications for microsurgical nerve 
reconstruction and have clinical and/or imaging 
findings of glenohumeral dysplasia, the decision- 
making regarding surgical timing becomes more 
complicated. In an effort to limit anesthetic expo-
sure to infants, surgical planning to accomplish 
multiple procedures under a single anesthesia is 
preferable. The earliest reports of glenohumeral 
dysplasia occur in infants as young as 2–3 months 
of age [23]. Delaying intervention for the gleno-

humeral dysplasia is warranted pending the 
determination of sufficient neurologic recovery 
to preclude microsurgical nerve reconstruction. 
In those infants who meet the clinical indications 
for both microsurgical nerve reconstruction and 
treatment of glenohumeral dysplasia, concomi-
tant procedures can be safely performed under a 
single anesthetic. For those infants whose gleno-
humeral deformity is reducible by closed means 
under anesthesia, chemodenervation of the inter-
nal rotators of the shoulder and placement in an 
external rotation cast may prove sufficient for 
treatment of the dysplasia. For those who have an 
irreducible deformity, an open procedure with 
transfer of the latissimus dorsi tendon (and/or 
teres major) to the infraspinatus footprint is 
indicated.

 Postoperative Care

Following microsurgical nerve reconstruction 
involving surgical dissection in the posterior tri-
angle of the neck, infants are generally admitted 
for overnight observation. Although the risk of 
developing a hematoma that may compromise 
the infant’s airway is small, overnight observa-
tion is warranted following neck exploration and 
an often-extended anesthetic time in an infant 
less than 12  months of age. Those who do not 
require concomitant intervention for glenohu-
meral dysplasia have incisions dressed with sim-
ple gauze dressings. When postoperative 
discomfort has subsided and the wounds have 
healed (usually ~ 1  week postoperatively), the 
infants resume external rotation, overhead and 
supination stretching exercises under the direc-
tion of the caretaker at home. Those who do 
require intervention for glenohumeral dysplasia 
are immobilized in an external rotation cast for 
6 weeks.

The timing of neurologic recovery is depen-
dent on the type of microsurgical reconstruction 
performed, the level of the lesion, the age of the 
infant, and possibly other factors. In general, 
close monitoring for neurologic recovery begins 
around 6 months after surgery and can be seen as 
late as 18 months.

51 Management of Brachial Plexus Birth Injuries: Erbs and Extended Erbs Palsy
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Management of Brachial Plexus 
Birth Injuries: Pan Plexus
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Total brachial plexus palsies represent severe 
traction injuries to all the five roots of the brachial 
plexus. In the context of brachial plexus birth 
injuries (BPBI), they imply babies being born 
with complete disconnection of the brain and spi-
nal cord from the affected upper limb. Given the 
small size of the baby’s neck and the slow speed 
of injury during delivery, the broken ends of the 
roots are said to lie close to the proximal stumps. 
The short lengths of these nerve defects and the 
high potential for neural regeneration in the rup-
tured roots lead to spontaneous appearance of 
function in the paralysed upper limbs with time. 
However, this is usually limited to the proxi-
mal muscles and is, almost never, coordinated 
enough to permit use of the arm in any activity. 
There is a consensus that such a severe deficit 
is an automatic indication for surgical explora-

tion and reconstruction. The quality of function 
achieved will depend considerably on the strat-
egy employed in nerve reconstruction. Over the 
years, we have realized that nerve repairs in 
BPBI yield much better results than those seen 
in similar post-traumatic cases. In addition, such 
patients need prolonged care and supervision as 
well as periodic secondary operations to improve 
the shoulder and elbow functions that contribute 
towards better use of the hand. We would like 
to propose this aggressive strategy to achieve 
independent function in total palsies rather than 
merely a helping hand.

 Initial Management

Total BPBI have been reported to be more fre-
quent in the presence of predisposing factors 
such as high birth weight [1–7], prolonged labour 
necessitating application of external force in the 
form of forceps or vacuum to assist delivery, 
induction of labour with medication while prog-
ress is impeded by shoulder dystocia, etc.

The arm lies insensate and flaccid by the side 
of the trunk. The presence of a Horner’s sign pro-
vides testimony to the severity of the injury [8, 
9]. Fractures of the humerus (particularly epiphy-
seal separation at the upper end) and other causes 
of pseudo-paralysis should be ruled out by suit-
able investigations.
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The parents are informed about the injury and 
the care necessary to avoid excess manipulation 
of the affected arm as that will not be resisted by 
the baby.

Most surgeons agree that infants with T1 
involvement who fail to show rapid recovery, 
and/or presence of Horner’s syndrome, should 
undergo early surgical intervention at 3 months 
of age or younger. The presence of Horner’s 
syndrome, alone, is not pathognomonic of root 
avulsions of the C8–T1 roots (unlike in post-
traumatic palsies), and cases with preserved or 
recovered hand functions have been reported in 
presence of Horner’s syndrome. However, its 
association with a total paralysis at 3 months and 
even complete absence of hand functions despite 
recovery of shoulder antepulsion and elbow flex-
ion are considered absolute indications for early 
microsurgical reconstruction. The child’s condi-
tion, need for surgery, outcomes anticipated, the 
prolonged physical therapy and possibility of 
secondary operations at periodic intervals are all 
part of the counselling required in such cases.

 Preoperative Evaluation

The diagnosis of a serious injury is usually evi-
dent clinically and the decision to operate is auto-
matic. Of course, one has to rule out other causes 
of weakness such as arthrogryposis. Concomitant 
defects and anomalies must be noted. Clinical 
assessment is the basis for considering micro-
surgical repair. The extent of the lesion is evalu-
ated from the features at presentation, while the 
type of nerve injury is determined by the clinical 
improvement, if any, within the first few months 
after birth [10].

Pondaag [11] has published on the utility of 
an EMG of the biceps that can point towards a 
severe injury as early as a month. However, the 
search for a gold standard continues. It has not 
been possible to determine conclusively the dif-
ference between avulsions and extra-foraminal 
ruptures of individual roots. Various units have 
reported systematic evaluation of the intraspinal 
course of the roots using CT myelography under 

general anaesthesia [12–19] or 1.5 Tesla MRI 
[20]. As mentioned above, the short distance 
between the ruptured ends of the roots and the 
trunks results in appearance of function in the 
proximal muscles, e.g. pectoralis major and tri-
ceps within 3–4 months. Dissection of the roots 
to their ruptured ends would inevitably involve 
loss of these primitive functions. The parents 
have to be informed that the arm will be in the 
condition seen at birth immediately after the 
operation. Also, management of a larger child 
is more difficult after the operation, and, hence, 
we prefer to operate upon such babies as early as 
possible. Three months is considered a suitable 
age from the perspective of anaesthetic risks.

A concomitant phrenic nerve injury may jeop-
ardize the recovery from general anaesthesia 
and precludes harvesting intercostal nerves, and, 
hence, evaluation of the movements of the domes 
of the diaphragm by sonography and an x-ray of 
the chest is essential [21–23].

 Surgical Treatment

The decision to do nerve surgery in BPBI is 
based on the premise that spontaneous recovery 
is unlikely to restore useful function. In cases of 
total lesions, all the five roots are affected, and 
that automatically implies a severe stretching 
injury. Inevitably, such lesions include avulsions 
at several levels with complete interruption of 
continuity at intraspinal levels. Experience has 
shown that such injuries, if left alone, will not 
resolve spontaneously and, ultimately, the child 
will be left with a deformed, non-functional 
upper limb [24–31]. Hence, it is imperative to 
explore the brachial plexus and attempt to restore 
function of the paralysed arm. Such a procedure 
would involve excision of the scarred remnants of 
the nerve ends in the neck so that viable proximal 
and distal stumps can be reconnected. Evidently, 
the function anticipated would depend on the 
strategy employed during the nerve operation.

Surgical repairs of these injuries were 
attempted as early as the beginning of the twen-
tieth century [32]. Initial efforts aimed at direct 
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repairs across the injured segments with immo-
bilization of the head, neck and trunk in awk-
ward positions of lateral flexion. The morbidity 
of these operations and the poor outcomes led to 
progressive disinterest in primary treatment, and 
the focus shifted to correction of deformities and 
addressing residual motor deficits. The utility of 
nerve grafting in bridging nerve defects brought 
back interest in reconstruction of brachial plexus 
injuries and BPBI. Gilbert [33–37] is, often, cited 
as having pioneered the strategy of early nerve 
repairs in children with extensive palsies and in 
those with delayed spontaneous return of func-
tions. He also showed that nerve repairs in the 
neck do provide useful hand function in BPBI 
unlike the disappointing experience in post- 
traumatic situations in adults.

The principles of peripheral nerve surgery for 
closed injuries are all applicable in these opera-
tions. Formal exploration of the injured bra-
chial plexus is essential. All the roots must be 
examined. It is important to distinguish between 
ruptured roots (described occasionally as neurot-
metic roots) that have the potential for regrowth 
and can serve as nerve donors and root avulsions 
that have no capacity for spontaneous regenera-
tion. In general, the upper roots (C5 and C6) are 
more likely to be ruptured, while the lower roots 
are more susceptible to intra-foraminal lesions 
and avulsions. Unlike high-velocity injuries 
associated with post-traumatic brachial plexus 
lesions, the slow speed of injury during delivery 
implies that the ruptured root stumps most often 
contain higher percentages of healthy nerve ends 
that can be harnessed for repair. The paucity of 
nerve axons in available extra-plexal donors such 
as intercostals and the spinal accessory nerve 
make the search for these ruptured roots essen-
tial. Experience helps to determine the condition 
of the available root stumps before using them 
for grafting. Roots of dubious quality should be 
directed to least important functions. Surgeons 
who commit to care of infants with NBPP need 
to avoid an over-reliance on brachial plexus 
exploration and nerve grafting and should have 
the capability and inclination for nerve transfer 
reconstruction [38, 39].

 Surgical Technique

The child is laid supine with a pad between the 
scapulae to produce neck extension with the head 
turned to the opposite side. The field is prepared 
to include the contralateral side of the neck; ipsi-
lateral hemi-chest for intercostal nerves and both 
legs are prepared for harvest of the sural nerves. 
We do not prefer to infiltrate saline adrenaline in 
the surgical field prior to incision although that 
has been the practice in some units [38]. Bleeding 
in the subdermal and subcutaneous planes can be 
readily controlled.

The supraclavicular brachial plexus is exposed 
via an incision along the sternocleidomastoid and 
along the clavicle. The external jugular vein is 
retracted and suitable tributaries are clipped and 
divided. The omohyoid muscle and the transverse 
cervical vessels are divided. The phrenic nerve 
is identified on the anterior surface of the scale-
nus anterior muscle and protected. The carotid 
sheath (particularly the internal jugular vein) 
often overlies the scalenus anterior and has to be 
retracted gently in the medial direction. The C5 
root can be usually identified at the lateral bor-
der of the scalenus anterior as it is crossed by the 
phrenic nerve. The root can be traced medial to 
the phrenic nerve and into the intervertebral fora-
men. The scalenus anterior muscle fibres can be 
divided to facilitate this dissection. The branch 
to the serratus anterior can usually be seen leav-
ing the posterior aspect of the root at this level. 
It traverses the scalenus medius muscle joining 
other branches from the C6 and C7 roots to form 
the long thoracic nerve. Dissection then pro-
ceeds inferiorly in the plane deep to the scale-
nus anterior. The C6 and C7 roots are explored at 
the respective intervertebral foramina, the latter 
being slightly inferior and posterior to the upper 
root.

The trunks are usually found encased in dense 
scar tissue in the interscalene area. The key to 
the distal dissection is identification of the supra-
scapular nerve close to the notch. The insertion of 
the omohyoid at the superior border of the scap-
ula helps in this [38]. The nerve normally lies 
along the lateral border of the plexus as it arises 
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from the upper trunk and courses inferiorly and 
laterally towards the suprascapular notch. This 
site of origin gets distorted as the upper trunk is 
stretched, torn and scarred. The suprascapular 
nerve must be handled carefully as it is traced 
proximally to the upper trunk and the posterior 
and anterior divisions are separated. The middle 
trunk is then identified behind the clavicle and 
traced superiorly to the scarred area. The dorsal 
scapular artery is found either between the upper 
and middle trunks or between the middle and 
lower trunks and should be divided to facilitate 
exposure. The C8 and T1 roots lie deep in the 
operative field but, with retraction of the clavicle, 
can be readily visualized without dividing the 
clavicle. The T1 root lies immediately superficial 
to the parietal pleura. If the pleura is violated, 
as demonstrated by air bubbles in a saline-
flooded field, it may be possible to seal the leak 
with fibrin glue (Tisseel; Baxter International, 
Deerfield, IL), or it may become necessary to 
insert a chest tube. An osteotomy of the clavicle 
after raising periosteal flaps was often used to 
facilitate exposure of the trunks and divisions. 
However, we observed failure of union in some 
of our patients. This did not affect the outcome. 
We now choose to approach this area by extend-
ing the wound to the deltopectoral groove and 
dissecting the medial cord proximally. Dissection 
continues distal to the neuroma to define where 
the nerve appears undamaged. The lower trunk 
can be visualized only after retracting the mid-
dle trunk laterally. It lies inferiorly and medially 
behind the subclavian artery. The artery and its 
branches are carefully identified and retracted 
and the lower trunk traced to the C8 and T1 roots. 
Usually the avulsed ends are found outside the 
foramina. However, occasionally, the trunk may 
appear smooth and the roots seem intact. In the 
absence of clinical function and with no response 
on stimulation at 3–4 months of age, good spon-
taneous recovery in the hand cannot be reason-
ably expected in such cases. So, we prefer to 
disregard this apparent continuity and plan for 
reconstruction of hand function by grafting from 
distinctly ruptured upper roots to the lower trunk.

The quality of the ruptured roots is then exam-
ined. They are sectioned close to the neuroma 

and, then, serially, towards the foramina. In gen-
eral, as mentioned above, the upper roots tend to 
be ruptured, while the lower roots are more sus-
ceptible for avulsions. If the root appears intact 
within the foramen, the branch to the serratus 
anterior gives a good response on stimulation 
(provided it remains in continuity with the long 
thoracic nerve), and the cut section shows healthy 
fascicles with minimal scar tissue, the root may 
be utilized for reconstruction. We have not used 
intraoperative electrophysiological evaluation or 
somatosensory evoked potentials to determine 
the proximal continuity of these roots.

The strategy for restoration of maximal func-
tion in the paralysed upper limb depends upon 
the number of roots available. Unlike partial pal-
sies where hand function is preserved and there 
are alternative procedures for reconstruction of 
shoulder and elbow functions, the final utility of 
the totally paralysed arm would depend upon the 
decisions made during the primary nerve opera-
tion. Surgeons across the globe agree that hand 
functions should receive priority [36, 40–49]. 
The objective of surgical treatment of OBPP is 
to establish the ability to use the affected hand 
to assist in bimanual activity. Strong finger flex-
ion, in combination with good elbow flexion, is 
mandatory for a supportive role in the bimanual 
execution of activities of daily living. Without 
reanimation of the hand, the maximal function 
that can be obtained for the affected limb is that 
of a hook.

The mainstay of brachial plexus reconstruction 
in OBPP is neuroma excision and interpositional 
nerve grafting. Extra-plexal nerve transfers are 
performed if there are insufficient cervical roots 
to act as donors for nerve grafting or for specific 
functions for which the transfers have proved to 
be very efficient [38, 40, 44, 50]. Specific recon-
structive algorithms vary between surgeons and 
institutions, but there is overall consensus that the 
primary target for reinnervation in a total plexus 
injury is the lower trunk and that the reconstruc-
tion should be anatomic when possible.

The technique of redirecting growing axons 
from ruptured upper roots towards the hand via 
the avulsed lower roots has existed for a long 
time. Gilbert [33–37] recommended this strategy 
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while demonstrating good return of distal func-
tions in BPBI unlike the disappointing outcomes 
seen in post-traumatic palsies in adults. Pondaag 
and Malessy [44] referred to the different sites 
of distal repairs. Utilization of the avulsed ends 
of the C8 and T1 (after trimming to excise the 
damaged intra-foraminal elements including the 
dorsal root ganglia) would have the advantage of 
short nerve grafts (and also greater numbers of 
cables to act as conduits for the growing axons). 
However, this had to be balanced with the loss of 
axons along unwanted proximal pathways. Using 
longer nerve grafts to the medial cord would 
mean greater concentration of axons towards 
the hand but fewer cables. They also felt that it 
was unreasonable to expect useful restoration of 
ulnar intrinsic functions and preferred to direct 
the axons towards the median nerve for reinner-
vation of the forearm flexors and sensation over 
the thumb, index and middle fingers. In fact, they 
even reported use of the ulnar nerve as a graft 
in three cases. On the other hand, they have also 
referred to the practice of direct approximation 
of the lower trunk to the C6 root as that would 
avoid axon loss at two repair sites and, also, help 
to deploy the available nerve grafts for the other 
root reconstructions.

We have followed a systematic protocol for 
reinnervation of the lower trunk. So, if there 
are one or two ruptured roots, they are bridged 
to the lower trunk using multiple short cables of 
nerve grafts. We must remember that the lower 
trunk, through the posterior division, contributes 
to innervation of the latissimus dorsi, long head 
of the triceps and the extrinsic extensors of the 
fingers. Hence, diversion of maximum numbers 
of axons to the lower trunk in the neck helps in 
restoring not just flexion of the wrist and fingers 
and of the intrinsics but also extension of the 
elbow and fingers. This is extremely significant 
for the eventual utilization of the recovered arm 
in daily activities. In BPBI, innervation of the C8 
and T1 roots in the neck can lead to independent 
flexion and extension of the fingers. The impor-
tance of the PDLT (posterior division of the 
lower trunk) was evident from Wang’s study of 
innervation of the posterior division of the lower 
trunk using the phrenic nerve in post-traumatic 

total palsies [51]. If three or more ruptured roots 
are found, the best quality root stump (usually 
C5) is used for the hand, while the lower ruptured 
roots are directed towards the upper and middle 
trunks. If there is a doubt about the quality of one 
or more of the stumps, we can ensure elbow flex-
ion using intercostals for the musculocutaneous 
nerve and utilize the best available root for the 
hand. The less useful roots can then be grafted to 
the posterior division of the upper trunk and the 
middle trunk.

In the rare cases with extra-foraminal injuries 
of all five roots, we have to be circumspect about 
the quality of each of the stumps. Of course, if 
all or four of them are of good quality, we can 
attempt anatomical reconstruction. If, eventually, 
the biceps does not recover well or within a rea-
sonable period after the operation, we can always 
salvage by transferring intercostals to the muscu-
locutaneous nerve.

In this context, the importance of innervation 
of the deltoid must be mentioned. When we have 
only one or two ruptured roots, the hand gets 
priority. So, only the rotator cuff can be served 
with a nerve transfer from the spinal accessory 
to the suprascapular. With time, the supraspinatus 
proves to be insufficient to maintain abduction as 
the child grows older. So, we have to divert axons 
for the posterior division of the upper trunk. The 
contralateral C7 root could prove to be valuable 
for this purpose with the grafts being laid via the 
prespinal route.

 Extra-Plexal Nerve Transfers

The spinal accessory nerve is usually intact and 
can be identified as it enters the trapezius. Care 
is taken to preserve the branches to the upper 
part of the trapezius. The nerve is divided dis-
tally and transferred to the suprascapular nerve. 
This is done systematically in all cases of total 
birth palsies [52]. Innervation of the rotator cuff 
is essential and is the only control of the shoulder 
possible when only one ruptured root is found. 
The posterior approach for this transfer does not 
carry a significant additional advantage since 
both the spinal accessory and the suprascapular 
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nerves can be readily accessed through the same 
approach used for exploration of the brachial 
plexus.

Use of the intercostal nerves for restoration of 
elbow flexion in BPBI has been reported on sev-
eral occasions [53–55].

Although direct transfer to the terminal motor 
branches of the musculocutaneous nerve has been 
reported in post-traumatic brachial plexus inju-
ries, the general protocol in BPBI has been to sep-
arate the musculocutaneous nerve as proximally 
as possible from the lateral cord and to approxi-
mate three or four intercostal nerves directly to 
the entire stump (without effort to separate the 
motor and sensory components) with the help 
of fibrin glue, the shoulder in 90° of abduction. 
Approximation to the trunk of the MCN results in 
innervation of the biceps and brachialis that aug-
ments the strength of elbow flexion. We prefer 
to transfer four intercostal nerves for restoration 
of elbow flexion (third–sixth). The technique of 
harvest differs from that employed in adults as 
circumferential separation of the periosteum at 
multiple levels carries the risk of deformities of 
the chest wall as the child grows. That technique 
became popular as it reduced the bleeding associ-
ated with dissection between the layers of inter-
costal muscles. We have not encountered this 
problem in infants. The intercostal muscles are 
carefully separated from the lower margin of the 
rib anteriorly, and the intercostal nerve is identi-
fied at the level of the costochondral junction. It 
is then separated from the pleura and dissection 
proceeds proximally. The tiny branches to the 
intercostal muscles can be readily divided. The 
motor component is traced to the common trunk, 
and further separation from the sensory branch 
to the anterior chest wall is possible till suf-
ficient length is obtained for direct approxima-
tion to the musculocutaneous nerve in abduction. 
Preservation of the sensory branch of the fourth 
intercostal nerve is particularly important in girls 
as that would provide sensibility to the nipple 
area. This method has proved to restore elbow 
flexion in >90% of cases. Approximation to the 
trunk of the MCN results in innervation of the 
biceps and brachialis that augments the strength 
of elbow flexion. It also allows us to reserve the 

available root stumps for the hand. This is par-
ticularly relevant when we consider the situa-
tion where more than two ruptured root stumps 
are found. In such cases, we have to direct the 
axons from the two best roots to the lower trunk. 
However, it is not prudent to rely on the remain-
ing ruptured root stump(s) for the most important 
function of elbow flexion. Years of experience 
with intercostal nerve transfers have shown con-
sistent restoration of elbow flexion with negligi-
ble or no side effects. Hence, we recommend the 
use of this extra-plexal transfer when doubts exist 
about some of the available root stumps (in cases 
of three roots ruptured).

The strategy that is currently adopted in each 
situation is summarized in Table 52.1.

 Post-Operative Care

As is evident, the arm will be flail at the end of the 
operation. Hence it needs to be supported against 
the trunk with the elbow flexed in front. This can 

Table 52.1 Strategies for nerve reconstruction practiced 
currently based on the findings during exploration of the 
brachial plexus in the neck

Intraoperative 
findings Strategy
C5 rupture, C6–
T1 avulsions (one 
root available)

XI–SS; ICN 3456–MCN, C5–nerve 
grafts–lower trunk + CC7–nerve 
grafts–posterior division of upper 
trunk and middle trunk

C5–C6 ruptures, 
C7–C8–T1 
avulsions (two 
roots available)

XI–SS; ICN 3456–MCN; best root 
lower trunk. The other root to 
posterior division of upper (and 
middle) trunk

C5–C7 ruptures, 
C8–T1 avulsions 
(three roots 
available)

XI–SS; best two roots–nerve 
grafts–lower trunk; remaining 
root–nerve grafts to the upper 
trunk; if the third root is doubtful, 
intercostals to the MCN and use the 
root for the posterior division of the 
upper trunk and the middle trunk

4 and 5 roots 
available

XI–SS; nerve grafting or direct 
approximation of two best roots to 
the lower trunk and grafting from 
the remaining roots to the upper 
and middle trunks

XI, Spinal accessory nerve; SS, suprascapular nerve; ICN 
3456, third to sixth intercostal nerves; MCN, musculocu-
taneous nerve
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be achieved with the help of a stockinet sling 
as reported by the unit from Toronto [40]. They 
do not feel it necessary to immobilize the head 
as most of the movements occur at the atlanto-
occipital and atlanto-axial junctions. They keep 
this support for 2  weeks. The unit in Leiden 
prefers to add a prefabricated splint to prevent 
movements of the head for 2  weeks, while the 
arm immobilization continues for 2 weeks more. 
Passive mobilization of the arm starts at 6 weeks. 
Leblebicioglu [20] has published on his experi-
ence with the use of the opposite C7 transfers in 
the treatment of total birth palsies. The position 
of splintage of the upper extremity at the injured 
side was determined intraoperatively by check-
ing the position of the least tension at the neural 
coaptation sites, especially the CC7. The stabili-
zation of the injured upper extremity was typi-
cally with the shoulder in 90° of abduction and 
external rotation and the elbow in 90° flexion. 
After 6  weeks of immobilization, rehabilitation 
was initiated.

We prefer to place the forearm across the 
abdomen, the arm adjacent to the trunk and 
elbow flexed. The head and trunk are wrapped 
with  padding cotton, and a plaster cask is applied 
to maintain the position of the head relative to the 
shoulder. Care is taken to avoid pressure points 
over the insensate upper limb. Access for feeding 
and periodic cleaning and wound inspection is 
arranged. The parents are instructed in handling 
the child during the month in this support and to 
avoid excess mobilization for the month after the 
plaster is removed.

Reinnervation of the supraspinatus and the 
biceps from the nerve transfers happens rapidly, 
and some primitive movements can be observed 
by 3 months.

It is essential to maintain the passive mobility 
of the shoulder, elbow, wrist and hand. Particular 
attention is paid to external and internal rotation 
with the elbow against the trunk and pronation 
and supination with the elbow supported.

The parents are instructed to encourage the 
active movements as they appear in order to make 
the child aware of the arm. As the child grows 
older and reaches out for objects, games have to 
be designed to encourage use of the affected arm 

as well in spite of the absence of distal functions. 
Active flexion of the wrist and fingers takes at 
least 7–8 months to appear (in general at the age 
of 12–14 months). The ability to hold objects has 
to be demonstrated to the child with the wrist 
supported. Care to encourage bimanual functions 
has to be continued daily for several years.

Strengthening of the triceps is essential but 
very difficult to execute. This can be achieved 
by constantly encouraging the child to reach out 
while the shoulder and arm are supported. We 
have found it effective in helping to stretch the 
biceps as the child grows and, thus, reducing the 
severity of the ultimate flexion deformity of the 
elbow.

 Secondary Reconstruction

In general, there is a need to augment shoulder 
abduction and external rotation. This is achieved 
by coraco-humeral release by shortening of the 
tip of the coracoid process as well as subscapu-
laris release from the anterior surface of the body 
of the scapula. Muscle transfers using the latis-
simus dorsi +/− teres major [56] may be added if 
their function in them has been restored. This is 
generally necessary before the age of 3 years. It 
improves the utility of the regained functions and 
the ability of the child to use the arm in bimanual 
activities. This also serves to encourage the prog-
ress in hand functions that continues, in our expe-
rience, until the age of 7–8 years.

A third stage for surgery is often necessary at 
the age of 5 years to correct the persistent supina-
tion. This happens due to the unrestrained action 
of the shortened biceps and poor recovery in the 
pronators of the forearm. Although muscle trans-
fers using the brachioradialis [57] or re-routing 
the biceps [58, 59] have been described, they are 
feasible only when passive pronation is retained 
or can be achieved by surgical release. In addi-
tion, splitting and re-routing the biceps serves to 
weaken the elbow flexion further. We prefer to per-
form a corrective osteotomy of the forearm bones. 
Initially, an osteotomy of the proximal third of the 
ulna is done with plate fixation after correction. If 
the deformity recurs or correction is inadequate, an 

52 Management of Brachial Plexus Birth Injuries: Pan Plexus



598

osteotomy of the radius is added at a later stage. 
The forearm is thus brought to a more functionally 
useful position that encourages use of the hand. We 
have to remember that simple actions such as clo-
sure and opening of the fist are activities that the 
child is incapable of performing for the first 5 years 
of his or her life. Hence, the child’s brain has to be 
trained afresh to learn these actions. The position 
of the forearm and of the wrist (with a thermoplas-
tic splint) has to be maintained throughout the first 
5 years of live. The two main factors that contrib-
ute to achieving the best outcomes are co-operative 
and diligent parents and a compliant patient.

The eventual hand function is achieved at the 
age of 6–8 years. We have found the Raimondi 
scale [60] very useful for this assessment. 
Wrist dorsiflexion and palmar flexion, flexion 
and extension of the fingers, intrinsic functions 
and abduction and opposition of the thumb are 
observed. Feasibility of further action in terms of 
a palliative transfer for extension of the wrist and 
fingers is determined and discussed with the par-
ents. Traditionally, the presence of wrist palmar 
flexion and finger flexion is considered favour-
able for further reconstruction. However, we have 
observed that the regular transfers of wrist flexors 
for finger extension do not work as well in BPBI 
as in regular peripheral nerve injury indications. 
This is partly because the donor muscles are not 
strong enough. Also, the source of innervation of 
the wrist and finger flexors is the same, i.e. the 
intraplexal nerve transfer of the upper roots to the 
lower trunk in the neck. The child cannot dissoci-
ate these two actions to achieve the desired objec-
tive of finger extension. Free functioning muscle 
transfers have been used in post-traumatic cases 
for restoration of finger extension. The lack of 
suitable nerve donors hinders the use of this 
option. The brachialis muscle can be detached 
from the ulna and transferred to the wrist or finger 
extensors with a tendon graft. The use of inter-
costals to innervate the biceps also supplies the 
brachialis. Of course, the automatic flexion of the 
elbow must be countered by independent func-
tion of the triceps, which is fortunately achieved 
by innervation of the lower trunk in the neck.

 Derotation Osteotomy 
of the Humerus

After 8–10 years, there is a plateau in the hand 
function. The ability to reach the abdomen, 
chest and face is established. However, the abil-
ity to reach out above the level of the shoulder 
is limited by the lack of external rotation of the 
shoulder. This is, particularly, important when 
the latissimus dorsi is not innervated and can-
not be utilized as a muscle transfer. An osteot-
omy of the humerus with plate osteosynthesis 
has proved to be invaluable. Traditionally, a 
transverse osteotomy is performed between the 
insertions of the deltoid and pectoralis major via 
an anterolateral approach, and the distal frag-
ment is rotated externally. This has to be done 
judiciously to avoid losing the ability to reach 
the midline [61–68].

 Results

We reviewed the cases operated upon in our ser-
vice up to 2015. Between 1995 and 2015, we 
operated upon 509 cases of BPBI for primary 
nerve reconstruction. Of these, 147 patients had 
injuries to all 5 roots. In each case, the operation 
was performed as early as possible, usually at 
3 months of age. Follow-up longer than 4 years 
was available for each of the 147 patients.

Raimondi Scale (Modified and Updated by 
Dr. Alex Muset).

0: Complete paralysis or slight finger flexion of 
no use, useless thumb, no pinch, some or no 
sensation.

1: Limited active flexion of fingers, no extension 
of wrist or fingers, lateral pinch of thumb pres-
ent or absent.

2: Active extension of wrist with passive flexion 
of fingers (by means of tenodesis), passive lat-
eral pinch of thumb (by means of pronation).

3: Active complete flexion of wrist and fingers, 
mobile thumb with partial abduction- opposition, 
intrinsic balance, no active supination.
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3A:  Fingers stay flexed with no active interpha-
langeal extension-uncertain prognosis for 
improvement with secondary surgery.

3B:  Fingers can be held away from the palm due 
to some recovery of interphalangeal exten-
sion – good potential for secondary surgery.

4:     Active complete flexion of wrist and fingers, 
active wrist extension, weak or absent finger 
extension, good thumb opposition with active 
ulnar intrinsics, partial pronation/supination.

5:     All function described in grade 4 plus finger 
extension and almost complete pronation/
supination.

Raimondi described a scale to achieve unifor-
mity in reporting the function observed following 
early microsurgical reconstruction in total birth 
palsies. According to this system, types 0, 1 and 
2 referred to no or minimal functions that are 
not useful, while types 4 and 5 are close to nor-
mal hands. Type 3 function implied restoration 
of wrist and finger flexion with minimal or no 
intrinsic activity and the poor thumb abduction 
and opposition. This type was considered as the 
benchmark of success for microsurgical recon-
struction as it could be improved using secondary 
muscle transfers so that the child could grasp and 
release objects.

We could consider our outcomes in two signif-
icant phases. The early cases involved utilization 
of the available root stumps for all the desired 
functions of the shoulder, elbow and the hand. 
The hand function could be classified as type 4 in 
12.2% cases, which was possible only when four 
or five roots could be grafted.

In 79.6% cases, the function was limited 
to flexion of the wrist and fingers of varying 
strengths, no intrinsic recovery and weak abduc-
tion and opposition of the thumb, i.e. type 3 hand. 
However, attempts to improve the function with 
secondary procedures were not uniformly suc-
cessful. Further analysis of this group showed 
that there was wide variation even among these 
patients. The strength of flexion of the fingers and 
wrist differed. The key difference appeared to be 
in the ability to extend the fingers at interphalan-

geal joints away from the palm. In the absence of 
suitable donor muscles, fusion of the wrist in the 
neutral position or in 10° of palmar flexion has 
been found useful, particularly in patients who 
have regained some extension of the interphalan-
geal joints.

Correlation with findings during explora-
tion revealed that the numbers of available root 
stumps (that were utilized for nerve grafting to 
the target nerves described above) were 3  in 46 
cases and 4 in 36 cases and all 5 roots appeared 
ruptured in 29 patients. Thus in 111 out of the 
147 cases, we had been able to achieve signifi-
cant innervation of the lower trunk. Yet, the ulti-
mate result of the nerve procedure was a type 3 
hand in 117 cases.

This has led us to suspect that our impres-
sion of the quality of the root stump was not uni-
formly accurate. Inadvertent grafting from roots 
of poorer quality to the lower trunk could account 
for the frequency of unsatisfactory results.

In addition, the reliance on intraplexal nerve 
donors (ruptured roots) for most functions at the 
shoulder and elbow led to insufficient innervation 
distal to the elbow. We also noted that secondary 
operations for extension of the fingers were more 
successful when some degree of interphalangeal 
extension was already present. The possibilities 
for secondary tendon transfers for restoration of 
extension of the fingers are limited in total pal-
sies. This is because the wrist flexors are inner-
vated from the same source as the finger flexors 
(reconstruction of the lower trunk in the neck). 
Also, these are re-innervated muscles and, hence, 
do not behave in the same way as the donor 
muscles for tendon transfers in peripheral nerve 
injuries. So, the only possibilities in the absence 
of interphalangeal extension would be use of the 
brachialis with a tendon graft or a free function-
ing muscle transfer.

Thus, type 3 hands should be further subclas-
sified as type 3A where the fingers stay flexed 
against the palm and type 3B when the child 
can hold the fingers away from the palm to a 
certain extent. This study is being prepared for 
publication.
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The objective of primary nerve reconstruc-
tion in the complete BPBI should not be limited 
to restoring flexion of the wrist and fingers but 
should aim to regain at least some  interphalangeal 
extension as well. In other words, the available 
nerve donors should be utilized to maximize 
hand functions.

This can be best achieved by careful intraop-
erative evaluation of the root stumps and utilizing 
the best root to innervate the lower trunk while 
addressing the shoulder and elbow functions by 
using other available roots or extra-plexal donors.

The progress in the distal functions also cor-
related well with the quality of the results at the 
shoulder and elbow. So, we had to tailor our pri-
mary strategy according to the outline described 
above. When we depended entirely on spinal 
accessory to suprascapular for the rotator cuff 
and intercostals to the musculocutaneous nerve 

for the biceps (as in the cases with only one rup-
tured root), we found that the patients consis-
tently regained 45°–60° abduction [52, 69, 70] 
and almost full elbow flexion. Innervation of the 
lower trunk with a good root also provided tri-
ceps function so that the patient could reach out 
in space.

With growth, however, the range of abduction 
appeared to diminish as the supraspinatus could 
not cope with the increasing weight of the arm.

Augmentation of shoulder abduction would 
necessitate innervation of the deltoid and, if pos-
sible, the posterior axillary fold muscles. Grafting 
from the available root stumps would decrease 
the number of axons destined to the lower trunk 
and would result in a weak, functionless hand. In 
this case, we prefer innervation of the posterior 
division of the upper trunk or the middle trunk 
using the contralateral C7.

Series
No. of 
cases Nerve strategy

Outcome 
measurement Results

Haerle and 
Gilbert [36]

73 Upper roots to lower trunk 
grafting

Raimondi scale Useful hand in 73%

Pondaag and 
Malessy [44]

13 Upper roots to lower trunk 
grafting or direct repairs

Raimondi scale Type 3 hand in 9/13 cases

Birch et al. [71] 47 Grafting to the lower trunk Raimondi scale Type 4 or 5 in 57% and type 3 in 36% 
cases

El-Gammal [72] 35 Grafting to the lower trunk 
from the upper roots

Raimondi scale Type 3 in 18 cases (53%)

Chen [73] 7 CC7–VUNG–median 
nerve in 6 cases, radial 
nerve in 1 case

Motor function 
restored

Strong flexion of wrist and fingers in 3 of 6 
cases; strong wrist extension and triceps in 
one case

Leblebicioglu 
[20]

18 Nerve grafting from CC7 
to lower trunk in 7 cases 
and upper + lower trunks 
in 11 cases

Raimondi scale Type 3 hand in 5/7 in the lower trunk series 
and 4/11 cases in the upper + lower trunk 
series

Vu et al. [74] 5 CC7–nerve grafts–lower 
trunk

Active motion 
scale

Strong flexion of thumb and fingers in 2 
cases; 3/7 fingers and thumb flexion in 2 
cases with strong wrist flexion in one case; 
intrinsic function in one case

Haerle and Gilbert [36] reported on a series 
of 73 patients followed for an average period 
of 6.4  years. Nerve reconstruction was per-
formed mainly by intraplexal grafting. 77% of 
cases had good and average shoulder outcomes, 
while 81% of cases regained useful elbow flex-
ion following primary nerve repairs and sec-
ondary muscle transfers. The hand function 

was reported upon after completion of second-
ary procedures whenever they were possible. 
73% of cases regained useful hand function. 
However, the degree of recovery of hand func-
tion was not correlated with the type of pri-
mary reconstruction. They described continued 
improvement of the hand functions even up to 
the age of 8–10 years.
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Pondaag and Malessy [44] reported on a 
smaller series of 16 patients operated upon at 
a mean age of 4.4 months. In their report, they 
focused on the results of nerve reconstruction 
only. The number of available roots was one in 
three cases, three in six cases and four in three 
cases. The shoulder function was achieved 
mainly by transfer of the spinal accessory to 
the suprascapular nerve, while elbow flexion 
was achieved by using intraplexal grafting in 
12 of the 16 cases and 3 intercostal nerve trans-
fers in 4 cases. The hand function was entirely 
achieved by grafting from proximal root stumps 
to the medial cord or lower trunk in 13 of the 16 
patients, and direct approximation of the C8 and 
T1 roots to the C6 root stump. Follow-up ranged 
from 24 to 105 months (mean 50 months). The 
Raimondi scale was used to evaluate the hand 
outcomes with type 3 or better function being 
rated as a success. This was noted in 9 of the 13 
cases (69%).

Birch et al. [71] reported the outcome of surgi-
cal treatment of BPBI in 93 infants.

In patients with C8–T1 lesion, repair was 
performed in 47 patients with no demonstrable 
intraoperative function, and the results were good 
(Raimondi grade 4 or 5) in 57% of repairs and 
fair (Raimondi grade 3) in 36% of repairs.

Shenaq et al. [41] briefly presented their results 
of 282 infants with BPBI with a mean follow-up 
of 5 years. Good to excellent hand function was 
reported in 62% of patients.

El-Gammal et al. [72] reported on a series of 
35 cases total birth palsies that underwent explo-
ration and nerve reconstruction. However, the 
age at surgery ranged from 3 to 60 months. The 
follow-up ranged from 2.5 to 7.3  years (mean 
4.2 years). They reported Raimondi type 3 hand 
in seven cases (20%), type 4 in seven cases (20%) 
and type 5  in four cases (13%). They did men-
tion a preference for nerve transfers for the rota-
tor cuff and biceps functions. Also, they referred 
to the frequent need for additional procedures to 
augment shoulder external rotation.

The use of the contralateral C7 transfer in 
BPBI has been reported by a few authors over the 
past 10 years. Chen [73] described the Shanghai 
experience in a series of 12 cases of the paedi-

atric age group of which 7 were patients with 
total birth palsies. However, they preferred to 
transfer the contralateral C7 via a vascularized 
ulnar nerve graft to the median nerve, and, so, 
the ulnar territory was not innervated. They con-
firmed the worldwide experience of the futility 
of nerve reconstruction beyond 12 months from 
the injury. Good flexion of the wrist and fingers 
was restored, but these movements were associ-
ated with significant synchronous movements of 
the donor arms. Similarly, triceps, wrist and fin-
ger extension were restored when the ulnar nerve 
graft was connected to the radial nerve. Although 
the follow- up was long enough (38–55  months 
for the BPBI cases), the utility of the recovered 
hand function was not referred to.

Leblebicioglu [20] has reported on 20 cases in 
which the contralateral C7 was transferred to the 
lower trunk or upper and lower trunks. The con-
tralateral C7 transfer was done using sural nerve 
grafts via the prespinal route. In nine patients the 
distal repair was done to the lower roots, and in 
nine other patients, it was done to both the upper 
and lower roots. However, the T1 root was left 
in continuity in several cases. Raimondi type 3 
hand was achieved in 5 of 7 patients in whom 
the transfer was done to the lower root and in 4 
of 11 patients in whom transfer was done to both 
the upper and lower roots. The presence of sig-
nificant synchronous movements in the opposite 
upper limb was not mentioned.

Vu et al. [74] reported on their experience in 
a series of five patients in whom the contralateral 
C7 was transferred to the lower trunk with sural 
nerve grafts by the prespinal route. The average 
follow-up was 3.3  years. The outcomes were 
described using the Toronto Active Motion Scale 
[75]. They reported recovery of ulnar intrinsic 
functions in one patient and strong flexion of the 
fingers and thumb in another patient. The overall 
utility of the hand was not described.

However, we do not consider it useful for 
augmenting hand function as synchronous move-
ments in the donor limbs can never be eliminated 
and incorporation of the recipient hand move-
ments in daily activities is very difficult. On the 
other hand, the results for proximal control are 
far more predictable and useful. Hence, we cur-
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rently prefer to bridge the opposite C7 root to 
the posterior division of the upper trunk or to the 
middle trunk.

The regained latissimus dorsi and teres major 
muscles could be transferred to provide exter-
nal rotation of the shoulder by strengthening the 
rotator cuff.

The utility of the function regained follow-
ing microsurgical reconstruction is an important 
consideration as it requires sustained efforts over 
several years. Uniformity in presenting out-
comes is necessary for comparison of various 
nerve strategies. The Toronto unit has described 
a method of measurement based on the use of the 
affected hand (independently or assisted by the 
normal hand or in helping the normal hand) in 
three activities that can be taught to a child of 
6–7 years. This scale has been validated for con-
sistency between observers [75].

 Indications for Free Functioning 
Muscle Transfers

Free functioning gracilis transfers have been in 
use in the treatment of post-traumatic palsies. 
However, we find very limited use for this opera-
tion in BPBI. This is primarily because we tend 
to use most available nerve donors in the pri-
mary operation. Hence, we find application for 
free muscle transfers for salvage when the biceps 
regained is too weak or for the treatment of a 
type 3A hand for restoration of extension of the 
fingers.

Future Prospects Observations of our results 
over the past 20  years have prompted periodic 
alterations in our strategies. The gratifying results 
of nerve repairs in BPBI allow us to predict the 
functions that can be achieved. Hence, we can 
hope to improve the shoulder and elbow func-
tions further by the modifications that we are 
using now. Innervation of the deltoid using the 
opposite C7 for the posterior division of the 
upper trunk is one such procedure whose out-
comes are awaited. Similarly, one can attempt a 
double innervation of the rotator cuff by transfer-
ring the spinal accessory to the suprascapular 

nerve and adding a nerve graft cable from the C5 
or C7 root to the suprascapular nerve distal to the 
supraspinatus. These steps do not interfere with 
the fundamental principle maximizing innerva-
tion of the lower trunk. The shoulder function is 
augmented with the hope of encouraging the use 
of the hand so that the threshold of type 3B func-
tion is achieved in a consistent manner.

Conclusions Early exploration and microsurgi-
cal reconstruction are essential in the treatment 
of complete BPBI.  All available nerve donors 
must be evaluated and harnessed in a judicious 
manner. The priority is restoration of hand func-
tions. Hence, the best available ruptured root 
must be utilized for reinnervation of the lower 
trunk. Extra-plexal nerve transfers are an integral 
part of the operation. Use of the opposite C7 
needs further evaluation. Sustained and diligent 
therapy with active participation of the parents 
and of the patient are necessary over several 
years. Close supervision and periodic review for 
supplementary surgical procedures are often 
necessary.

Nerve repairs give consistent results in 
BPBI.  Hence, a correct reconstruction is likely 
to provide function at the shoulder and elbow in 
most cases. Properly planned secondary opera-
tions serve to augment the ability to place the 
arm in space and contribute to improvement in 
distal functions. This sustained and aggressive 
approach is essential for restoration of indepen-
dent prehension in these devastating injuries.

 Illustrative Cases

Case 1 C5–C7 ruptures, C8–T1 avulsions: pri-
mary reconstruction at 3 months of age – spinal 
accessory to suprascapular and intercostals 3, 4, 
5 and 6 to musculocutaneous nerve; nerve graft-
ing from C5–C6 to C8–T1, nerve grafting from 
C7 to posterior division of upper and middle 
trunks. At 3 years of age, release of internal rota-
tion contracture of the shoulder with transfer of 
the latissimus dorsi and teres major to the rotator 
cuff to augment abduction and external rotation; 
at 5 years of age, osteotomy of the ulna to correct 
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the supination deformity of the forearm. Videos 
showing functions at the shoulder, elbow and 
hand at 12 years

Case 2 C5 rupture, C6–T1 avulsions: primary 
reconstruction – spinal accessory to suprascapu-
lar and intercostals 3, 4, 5 and 6 to the musculo-
cutaneous nerve; nerve grafting from the C5 root 
to C8–T1 including the posterior division of the 
lower trunk; nerve grafting from the opposite C7 
to the posterior division of the upper trunk. 
Videos showing functions at the elbow and hand
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Expected Outcomes of Surgical 
Treatment in Obstetrical Brachial 
Plexus Injuries
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 Introduction

Increased experience in surgical intervention for 
brachial plexus birth injuries (BPBI) has improved 
understanding of outcomes and allowed surgeons 
to abandon techniques with inferior results in 
favor of more successful alternatives. Historically, 
operative management of BPBI consisted of bra-
chial plexus exploration, neuroma resection, and 
direct nerve approximation [1–3]; however, given 
the poor results of primary repair and the advent 
of microsurgical techniques, alternative surgical 
strategies have been developed, including neu-
roma excision and nerve grafting, neurolysis, 
and nerve transfers. Neuroma excision and nerve 
grafting are considered the mainstay of surgical 
treatment and are often performed concomitantly 
with neurolysis. Neurolysis is a frequent adjunct 
to other techniques, but its use as a stand-alone 
treatment is controversial. More recently, nerve 
transfers using intraplexal donor nerves from the 
lower plexus when available have increased in 
popularity with good results. Extraplexal donor 
nerves are considered when intraplexal donors are 
not available, as in global brachial plexus inju-
ries. The current literature indicates the outcomes 

of brachial plexus nerve grafting, neurolysis, 
and nerve transfers are superior to nonoperative 
treatment in infants with absent or delayed spon-
taneous nerve recovery or in infants with global 
injuries [4, 5]. Regardless of surgical technique, 
however, surgery usually does not “normalize” 
upper extremity strength and function, and sec-
ondary reconstructive surgeries and ongoing phys-
ical therapy are commonly needed. Currently, the 
surgeon’s biggest challenges are determining the 
optimal surgical strategy and timing for an indi-
vidual infant’s unique injury to optimize function, 
limit musculoskeletal sequelae, and minimize the 
need for further interventions.

Studies of outcomes of brachial plexus sur-
gery in infants are limited by (1) heterogeneity 
of injury patterns, surgical indications, timing of 
surgery, and operative techniques within the same 
study, (2) selection bias introduced by surgeon 
preference in surgical indications and technique, 
(3) lack of long-term follow-up, (4) inconsistent 
outcome measures between studies, (5) limited 
understanding of the role of rehabilitation and 
adjunctive treatments, and (6) a focus on clini-
cian-derived measures of motor function and less 
attention devoted to patient-reported outcomes. 
Moreover, there are few studies comparing the 
outcomes of the most common surgical tech-
niques. Long-term, multicenter prospective stud-
ies addressing these methodological  deficiencies 
are needed to provide further insight and improve 
care of infants with BPBI.
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This chapter summarizes the available evi-
dence regarding outcomes of the most commonly 
performed surgical techniques: nerve grafting, 
neurolysis, and nerve transfers.

 Outcomes of Nerve Grafting

Since Narakas [6, 7] and Gilbert [8] began 
reporting outcomes of neuroma resection with 
nerve grafting in the early 1980s, this technique 
has become the mainstay of surgical treatment. 
Sural nerve autograft is the most commonly 
reported graft source, and although alternatives 
to autograft have been proposed (including nerve 
allograft, synthetic conduit tubes, vein graft, and 
human amniotic membrane), few have been eval-
uated in human or infant subjects [9].

Understanding of surgical outcomes of neu-
roma resection and nerve grafting comes princi-
pally from heterogeneous, retrospective cohort 
studies that include a variety of surgical indica-
tions and techniques, including brachial plexus 
exploration, neurolysis, neurorrhaphy, nerve 
grafting, nerve transfer, and various combina-
tions thereof [10–13]. These studies report reli-
able recovery of deltoid and biceps function [4, 
10, 14–16] with less predictable recovery of 
shoulder external rotation (SER) [10, 11, 14, 17–
19]. In infants with global palsies, for whom the 
reconstructive priority is recovery of hand func-
tion followed by elbow and shoulder function, 
results are more variable. Infants undergoing 
these procedures commonly recover some hand 
motor function, but there is no clear consensus 
that they recover meaningful hand use [20–25].

 Upper and Middle Trunk BPBI

Two recent studies evaluated the outcomes of 
neuroma resection and nerve grafting in a cohort 
treated with a uniform surgical technique and 
consistent surgical indications. Lin et  al. [17] 
evaluated 92 infants at a minimum of 4 years of 
follow-up. Infants with upper and middle trunk 
injuries experienced significant improvement 
in 7 of the 15 motions measured by the Active 

Movement Scale (AMS) (Fig.  53.1), including 
shoulder abduction, flexion, and external rotation, 
elbow flexion, and forearm supination. At final 
follow- up, >60% of infants demonstrated func-
tionally useful motor function (defined as AMS 
score ≥ 6) for shoulder abduction and flexion, 
elbow flexion and extension, forearm pronation 
and supination, and wrist flexion and extension. 
Infants with global injury significantly improved 
in 13 of the 15 AMS motions (all except shoulder 
internal rotation and pronation), and the majority 
(>50%) demonstrated functionally useful shoul-
der adduction and internal rotation, elbow flexion 
and extension, wrist flexion, finger flexion, and 
thumb flexion. They concluded that neuroma 
resection and nerve grafting resulted in signifi-
cant improvements in AMS scores and in the 
proportion of patients demonstrating functional 
motor use. Manske et  al. [14] reported the out-
comes of this procedure in 43 infants at a mean 
age of 7 months with a minimum of 18 months’ 
follow-up. Using the Active Movement Scale, 
91% of infants recovered antigravity elbow flex-
ion, and 67% recovered antigravity shoulder 
abduction. Fewer infants recovered SER (19%) 
and wrist extension (37%). The mean dura-
tion until antigravity strength was observed was 
>12 months for all evaluated motions. Secondary 
reconstructive procedures were common, includ-
ing tendon transfers for SER (49% of children), 
biceps rerouting (21%), and tendon transfer for 
wrist extension (21%).

Despite the postoperative improvements in 
upper limb function following neuroma resection 

The Active Movement Scale

Muscle GradeObservation

Gravity eliminated
 No contraction
 Contraction, no motion
 Motion ≤ 1/2 range
 Motion > 1/2 range
 Full motion
Against gravity
 Motion ≤ 1/2 range
 Motion > 1/2 range
 Full motion

0
1
2
3
4

5
6
7

Fig. 53.1 Active movement scale. (With permission from 
Curtis et al. [26])
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and nerve grafting compared to preoperative func-
tion, impairments commonly persist, and second-
ary reconstructive surgeries are often necessary. 
Up to 70% of children may undergo multiple sec-
ondary procedures, including tendon transfers for 
SER, biceps rerouting, tendon transfer for wrist 
extension, and forearm or humerus osteotomies 
[14]. One-third of patients may require assistance 
with activities of daily living, with the extent of 
persistent impairment correlating with the extent 
and severity of injury [21]. Impairments due to a 
BPBI, however, may not limit participation and 
health-related quality of life. Children with BPBI 
participate in sports at the same rate as unaffected 
children without increase in rate of injury [27] 
and report peer relationships similar to an age-
matched population [28].

 Global BPBI

Several studies have specifically evaluated recov-
ery of hand function in infants with global BPBI 
[14, 21–23, 25, 29], most commonly using the 
modified Raimondi scale, which rates hand motor 
function from 0 (no function) to 6 (normal func-
tion) (Fig. 53.2). Most indicate that hand motor 
recovery is commonly observed, but may not 
result in meaningful hand use (Raimondi score 
≥ 3). Pondaag and Malessy [23] reported that 
69% of infants who underwent brachial plexus 
reconstruction at approximately 4.4 months old 
had Raimondi scores of 3 or greater. Similarly, 
Terzis et al. reported Raimondi scores of 4 or bet-
ter in 16 BPBI infants with poor hand function 
preoperatively who underwent neuroma resec-
tion and nerve grafting in the first 3 months of 
life [24]. In contrast, Kirjavainen et al. reported 
a mean Raimondi score of 2.2 (range: 0–5) in 25 
infants with global BPBI who underwent a wide 
variety of procedures, compared to mean scores 
of 4.6  in infants with upper trunk palsies and 
4.3 in infants with upper and middle trunk palsies 
[21]. Kirjavainen also reported abnormal sensa-
tion using Semmes-Weinstein monofilament test-
ing in 76% of infants with global injuries who 
underwent nerve grafting, half of whom lacked 
protective sensation or worse. Additionally, 40% 

of these children demonstrated abnormal stereog-
nosis using the Moberg-Dellon pickup test, with 
16% unable to identify any of the six items tested 
[21]. Lower plexus avulsion injuries were associ-
ated with a lower Raimondi score.

 Outcomes of Neurolysis

Neurolysis is often performed in conjunc-
tion with nerve grafting, and evaluation of out-
comes is often included in retrospective reviews 
of a variety of procedures as described above. 
Neurolysis as a stand-alone treatment for BPBI 
is controversial. Andrisevic et  al. [30] reviewed 
17 infants treated with isolated neurolysis of the 
upper trunk neuroma-in-continuity for whom 
intraoperative nerve conduction studies demon-
strated >50% conduction across the neuroma. 
The authors reported significant postoperative 
improvement in shoulder abduction, flexion, 
external rotation, and internal rotation; elbow 

No sensibility; possible tropic disturbance
Some finger flexion (useless); useless
   thumb; no lateral pinch

Hand 1
Hand 0 Total palsy

Hand 6

Hand 5

Hand 4

Hand 3

Hand 2 Protective sensibility
Some active useful finger flexion; no
   extension of wrist or fingers
Weak lateral pinch with thumb; supinated
   forearm
Protective sensibility (some discrimination)
Active extension of wrist with passive
   flexion of fingers (tenodesis)
Lateral pinch with thumb; pronated
   forearm
Protective sensibility (some discrimination)
Active useful flexion of wrist and fingers;
   intrinsic balance
Mobile active thumb with some oppoition-
    adduction
Pronated foream (no active supination)
Discriminative sensibility
Active complete wrist and finger flexion
Active extension of wrist but weak or
   absent finger extension
Good intrinsic (median and ulmar)
Active pronosupination (even partial)
As in hand 5 but with active extension of
    fingers and quite normal
    pronosupination

Fig. 53.2 Modified Raimondi scale. (With permission 
from Terzis and Kokkalis [24])
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flexion; forearm supination; and wrist extension. 
Among children with 2  years of follow-up, the 
majority recovered “useful function,” defined 
as AMS score ≥ 6, for elbow flexion (14/16), 
shoulder abduction (11/16) and shoulder flex-
ion (11/15), but not external rotation (5/15). 
The authors concluded that infants with >50% 
conduction across the neuroma-in-continuity 
benefit from neurolysis, as an alternative to neu-
roma excision and nerve grafting [31]. However, 
the lack of a control group makes it difficult to 
prove that this recovery was due to the neuroly-
sis and would not have occurred without surgery. 
Similarly, Chin et al. [32] described the outcomes 
of brachial plexus exploration and isolated neu-
rolysis in 32 infants with favorable intraop-
erative EMG findings (absence of spontaneous 
insertional activity and normal compound motor 
action potential (CMAP) morphology) and also 
reported good recovery of shoulder abduction 
and elbow flexion but limited recovery of SER.

Other studies have reported less encouraging 
results from isolated neurolysis [17, 32–34]. Lin 
et al. [17] compared the outcomes of 92 infants 
who underwent neuroma resection and recon-
struction with sural nerve grafting to 16 infants 
who underwent neurolysis alone. Among those 
who had neurolysis alone, significant postop-
erative increases in AMS scores were seen only 
for forearm supination in infants with upper and 
middle trunk palsies. In infants with global injury, 
significant improvement was observed in elbow 
flexion, supination, finger extension, and thumb 
extension. In comparison, infants with all types 
of BPBI who underwent grafting experienced 
significant improvement in nearly all motions 
measured by the AMS.  Additionally, a greater 
proportion of infants who underwent nerve graft-
ing showed functional recovery (AMS score ≥ 6) 
compared to those undergoing neurolysis alone. 
The authors concluded that, while nerve resection 
and grafting results in functional AMS scores, 
the inferior outcomes seen with neurolysis alone 
support abandoning neurolysis as a stand-alone 
treatment. König et  al. [33] performed intraop-
erative nerve conduction studies in ten infants 
undergoing brachial plexus exploration for BPBI 
and performed an isolated neurolysis for the five 

infants who demonstrated conduction across the 
neuroma and neuroma resection and nerve graft-
ing for the remainder. The outcomes of neuroly-
sis alone were “disappointing” compared to those 
of resection and grafting.

Lastly, several studies [32, 34, 35] evaluated 
the ability of intraoperative electrodiagnostic 
studies to predict lesion severity, but none identi-
fied clinically useful criteria to differentiate avul-
sion, neurotmesis, and axonotmesis from normal 
nerves to guide intraoperative decision-making.

 Outcomes of Nerve Transfer

Extrapolating from experience in adult brachial 
plexus injuries, use of nerve transfers (neurotiza-
tion) for the management of BPBI has become 
increasingly popular. These are particularly use-
ful in the setting of isolated deficits, late presen-
tation, failed nerve grafting, and multiple root 
avulsions [36, 37]. Intraplexal donors are used 
most commonly in isolated upper and middle 
trunk injuries, while extraplexal donors are use-
ful in global plexus injuries and isolated upper 
trunk injuries.

 Upper and Middle Trunk BPBI

Multiple nerve transfers are often performed con-
comitantly. One common combination of transfer 
for upper trunk injuries is the “triple nerve trans-
fer”: (1) spinal accessory to suprascapular nerve 
for SER, (2) long or medial branch of triceps to 
axillary nerve for shoulder abduction, and (3) 
median or ulnar nerve fascicle to the biceps or 
brachialis branch of the musculocutaneous nerve 
for elbow flexion [38, 39].

Ladak et  al. [40] presented the outcomes of 
triple nerve transfer in ten infants with isolated 
upper trunk injuries between 10 and 18 months 
of age. Mean AMS score for shoulder abduction, 
flexion, and external rotation, elbow flexion, and 
forearm supination all improved significantly 
between preoperative evaluation and exams 
performed at 1 and 2  years postoperatively. 
Mean scores at final follow-up demonstrated 
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antigravity strength for shoulder abduction 
(AMS  =  5.0), shoulder flexion (AMS  =  5.4), 
elbow flexion (AMS = 6.2), and forearm supina-
tion (AMS = 5.9). While improved from preop-
erative exam, SER recovery was more limited 
(AMS = 4.3). McRae and Borschel [41] looked at 
the results of shoulder function following nerve 
transfers for pediatric brachial plexus injuries, 
including two infants with BPBI.  Both of the 
infants with BPBI recovered functional shoulder 
abduction (AMS = 6), with less robust recovery 
of SER (AMS = 2, AMS = 3). To evaluate elbow 
flexion recovery, Little and colleagues [42] con-
ducted a multicenter, retrospective review of 31 
infants with BPBI who underwent either a sin-
gle (median or ulnar) or double fascicle trans-
fer to the biceps and/or brachialis branch of the 
musculocutaneous nerve. They found that 87% 
of infants recovered functional elbow flexion 
strength (defined as AMS score ≥6) and 21% 
had functional supination at a minimum 2 years’ 
follow- up. It remains unclear if a double fascicu-
lar transfer results in superior elbow flexion and 
forearm supination recovery compared to single 
fascicle transfer. Alternative intraplexal nerve 
transfers to the musculocutaneous nerve, includ-
ing the medial pectoral nerve [43, 44], have also 
been described with encouraging results.

O’Grady and colleagues [45] compared the 
outcomes of triple nerve transfer to nerve graft-
ing for isolated upper trunk injuries in infants 
with similar preoperative AMS scores and age 
at time of surgery. Both groups demonstrated 
similar improvement in postoperative shoulder 
flexion, shoulder abduction, and elbow flexion, 
but the nerve transfer group had significantly bet-
ter SER (AMS = 4.3 vs AMS = 2.9) and forearm 
supination (AMS = 5.6 vs AMS = 4.4) at 2-year 
follow-up. Nerve transfer was also associated 
with decreased operative time, shorter length of 
hospital stay, and lower costs.

Several studies compared the outcomes of 
spinal accessory nerve (SAN) to suprascapular 
nerve (SSN) transfer to nerve grafting for SER 
recovery and demonstrated similar findings in 
favor of the SAN to SSN transfer [18, 46–48]. 
Pondaag et  al. [18] retrospectively evaluated 
SER recovery in 86 infants who underwent graft-

ing of C5 to the SSN (n = 65) or transfer of the 
SAN to the SSN (n  =  21). They identified no 
differences in postoperative SER AMS scores 
between the two techniques and reported that 
only 20% of the entire cohort recovered >20° of 
true SER. Similarly, Seruya et al. [47] evaluated 
the long-term outcomes of 74 infants with BPBI 
who underwent grafting (n  =  28) or transfer of 
the SAN to the SSN (n = 46). Although there was 
no difference in postoperative AMS SER scores 
between the two techniques, there was a signifi-
cantly higher rate of secondary reconstructive 
shoulder procedures in the grafting group com-
pared with the transfer group. Interpretation of 
these studies is limited by baseline differences 
in AMS scores, injury severity, number of avul-
sion injuries, and age at the time of surgery. In a 
multicenter cohort of infants with similar injury 
severity, AMS scores, and age at surgery, Manske 
and colleagues [48] compared infants who under-
went nerve grafting to the SSN (n = 59) or SAN 
to SSN transfer (n = 86) with a minimum follow-
 up of 18 months. The authors found that although 
there was no difference in mean postoperative 
AMS scores for SER (AMS = 3 in both groups), 
a greater proportion of infants who underwent 
nerve transfer achieved functional strength (AMS 
score ≥6) and the nerve transfer cohort had fewer 
secondary shoulder reconstruction procedures 
(hazards ratio 0.58 (95% CI 0.35–0.95)). Several 
approaches have been described for both the 
SAN to SSN transfer [49, 50] and triceps to axil-
lary nerve [49, 51] transfer, but no comparative 
studies have demonstrated the optimal surgical 
strategy.

Lastly, Tora et  al. [52] conducted a meta- 
analysis of nerve grafting versus nerve transfers 
to evaluate elbow flexion recovery and found 
comparable recovery of functional recovery in 
the nerve transfer and nerve graft groups (93% vs 
96%, odds ratio = 1.15, 95% CI 0.19–7.08).

 Global BPBI

In global BPBI, nerve transfers are used in con-
junction with nerve grafting to provide an addi-
tional source of axonal inflow, especially in the 
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setting of multiple nerve root avulsions. As in 
upper trunk injuries, the SAN is commonly trans-
ferred to the SSN for recovery of SER. Intercostal 
nerves are common donors to the musculocu-
taneous nerve for elbow flexion recovery [43, 
53–55], and contralateral C7 nerve root trans-
fer has been described for treatment of injuries 
with four or more root avulsions. Although these 
techniques are well-described in traumatic adult 
brachial plexus injuries, there is less information 
available regarding indications and outcomes for 
infants with birth injuries.

Luo et al. [54] evaluated the outcomes of trans-
ferring 3 or 4 intercostal nerves to the anterior 
division of the upper trunk or musculocutaneous 
nerve in 24 infants (16 global BPBI, 8 C5–C7 
BPBI) and reported reliable recovery of elbow 
flexion using the Medical Research Council 
(MRC) scale; 92% of infants recovered ≥M3 
elbow flexion and 71% recovered M4 strength. 
The authors found no difference in motor recov-
ery between three and four intercostal nerve 
transfers, and transfer directly to the musculo-
cutaneous nerve resulted in shorter reinnervation 
time (7.8 vs 9.3 months) compared to transfer to 
the upper trunk.

An alternative donor in brachial plexus injury 
with multiple avulsions is the contralateral C7 
nerve root. Lin et al. [56] evaluated 9 infants with 
global BPBI with ≥ 4 root avulsions treated with 
contralateral C7 nerve transferred to the muscu-
locutaneous and median nerve via a vascular-
ized ulnar nerve graft. Seven of the nine infants 
recovered M3 or M4 elbow flexion strength, and 
five of nine recovered M3 or M4 wrist and finger 
flexion. The authors did not discuss donor side 
deficits or hand function on the affected side.

Contralateral C7 transfers were originally 
described with long cable grafts or vascularized 
ulnar nerve grafts, but more recent studies have 
used a retropharyngeal approach which decreases 
the amount of nerve graft needed.

Vu et al. [57] reported the outcomes of con-
tralateral C7 transfer to the lower trunk using 
a retropharyngeal approach in five infants. At 
minimum 2-year follow-up, all children recov-
ered sensation in the ulnar nerve distribution, but 
motor recovery did not often result in functional 
strength; one child recovered full wrist flexion 

strength (AMS = 7), while all other motions in 
all five patients were ≤3.

 Conclusions

Nerve surgery for infants with BPBI has pro-
gressed since the initial description of primary 
nerve repairs. Newer techniques, including nerve 
grafting and nerve transfers, improve upper 
extremity function compared to nonoperative 
treatment in appropriately indicated patients, 
especially with regard to biceps and deltoid func-
tion. Despite these successes, persistent impair-
ments and the need for additional operative and 
nonoperative treatment are common through-
out childhood. Moreover, restoration of hand 
function in global injuries, recovery of SER, 
and mitigation of the musculoskeletal sequelae 
of BPBI remain challenging. Importantly, the 
effect of these interventions on patients’ quality 
of life is not known. Methodologically rigorous 
studies are needed to advance understanding of 
surgical outcomes and improve care of infants 
with BPBI.
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Complications and Treatment 
(Shoulder, Forearm, and Hand)

Tim Hems

 Introduction

Long-term outcomes after brachial plexus birth 
injury (BPBI) are variable. In many cases, 
where the paralysis is transient with recovery of 
biceps and other muscle groups before the age of 
2  months, normal upper limb function is likely 
to be regained. However, if biceps recovery does 
not occur until 3 months or later, then there will 
be some functional limitation in the longer term 
[1–4]. In general, the later the recovery of biceps 
and the greater the extent of the initial paralysis, 
the greater the residual deficit in the upper limb. 
It is very rare for elbow flexion not to recover 
spontaneously [1, 5, 6]. Longer-term deficits 
most often include limitation of shoulder move-
ment, fixed flexion of the elbow, and reduction in 
forearm rotation [1, 7–9]. Hand function usually 
recovers well except in the most severe total pal-
sies. As well as the amount of neurological recov-
ery, the limitations and deformities in the upper 
limb are influenced by the effects of the nerve 
injury on the growing musculoskeletal structures.

This chapter is concerned with the assessment 
and treatment of the upper limb after the initial 
neurological recovery, which mostly occurs by 
the age of 2 years.

 Clinical Assessment

Clinical assessment of a child with BPBI starts by 
obtaining a history from the parents and medical 
records including details of the birth, the extent of 
the initial paralysis of the upper extremity, and how 
quickly improvement of movements, in particular 
recovery of active elbow flexion, occurred. This 
should enable a classification of the initial injury 
to be made using the Narakas groups [6]. Details of 
any previous operative and nonoperative treatment 
should be noted. The parents should be asked what 
functional limitations the child has and how these 
have changed with time. Hand dominance should 
be noted once the child reaches an age when this 
becomes established. In most cases of BPBI, the 
contralateral limb becomes dominant. It is impor-
tant to check the child’s overall development and 
whether there are any other medical problems.

Examination is carried out first by observing 
play. When possible, the child is asked to perform 
active movements, and then passive movements 
are assessed. The assessment sheet, which is cur-
rently used in our service, is shown in Fig. 54.1. 
This includes a detailed assessment of shoulder, 
elbow, and forearm rotation movements. Our 
form allows for successive measurements to be 
recorded over time and compared. The compo-
nents of the Mallet score for active shoulder move-
ment including abduction, external rotation, hand 
to head, hand to back, and hand mouth (1–5) are 
noted together with the total score (5–25) [4, 10].

T. Hems (*) 
Scottish National Brachial Plexus Injury Service, 
Queen Elizabeth University Hospital and Royal 
Hospital for Children, Glasgow, UK
e-mail: t.e.j.hems@doctors.org.uk

54

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-69517-0_54&domain=pdf
https://doi.org/10.1007/978-3-030-69517-0_54#DOI
mailto:t.e.j.hems@doctors.org.uk


618

Children’s Brachial Plexus Injury Service
Email: brachial.plexus@ggc.scot.nhsuk Web: www. brachiaplexus.scot.nhs.uk

NAME:

CHI:

Patient Label

Date:

Active Elevation

Passive Elevation

Active Inf. GH Angle

Passive Inf. GH Angle

Passive Post. GH Angle

Opposite Post. GH Angle

Active ER (in adduction)

Active ER (in abduction)

Active Medial Rotation

Passive Medial Rotation

Active Forearm Pronation

Passive Forearm Pronation

Active Forearm Supination

Passive Forearm Supination

Mallet Score* (see below)

Fixed Elbow Flexion

Range of Active Elbow Flexion

Shoulder Stability

Total Arc of Rotation

BP Outcome Measure Score

BrAT Score

*Mallet Score:

Passive ER (in adduction)

Passive ER (in abduction)

Abduction
/ 5 / 5 / 5 / 5 / 5

External
Rotation

Hand to
Head

Hand to
Back

Hand to
Mouth

Fig. 54.1 Form for assessment of upper limb movement in children with BPBI used by the Scottish National Brachial 
Plexus Injury Service
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The shoulder is examined for evidence of pos-
terior subluxation or dislocation. With the child 
facing him/her, the clinician’s thumbs are placed 
over the superior aspect of the acromion of both 
shoulders. The posterior aspect of the shoulder 
is palpated with the fingers. There is a hollow 
below the posterior aspect of the acromion in the 
normal shoulder, whereas in posterior dislocation 
or subluxation, the humeral head fills the hollow 
and may project behind the acromion.

Additional subjective observations may be 
made regarding deformities and the use of the 
limb can be made. Formal task-based assessment 
of function using the Brachial Plexus Outcome 
Measure is possible after the age of 5 years [11].

 Shoulder Deformity

In nearly all cases of continuing deficit after 
BPBI, there is delayed and incomplete recovery 
of active shoulder external rotation, a movement 
powered by infraspinatus and teres minor, inner-
vated by the suprascapular and axillary nerves 
(C5–C6). This presumably represents a fail-
ure of neurological recovery in these nerves. In 
addition, other limitations may occur to varying 
degrees, including [12]:

• Range of active elevation (abduction/flexion) 
of the shoulder. This is likely to be related to 
the amount of neurological recovery in the 
supraspinatus and deltoid muscles.

• Degree of internal rotation contracture 
of the shoulder (loss of passive as well as 
active external rotation). It is classically 
believed that internal rotation contracture 
develops as a result of relative weakness 
of the shoulder external rotators compared 
with internal rotators which occurs in many 
cases of BPBI. However, the cause is prob-
ably more complex, and it is unclear why 
some cases develop more severe contrac-
tures (Fig. 54.2).

• The ranges of active and passive shoulder 
movements, other than external rotation, are 
often reduced, including internal rotation 
(Fig. 54.3). There is commonly some degree 

of abduction contracture of the glenohumeral 
joint [13].

• Bony deformity of the proximal humerus, gle-
noid, and scapula (see below).

• “Trumpeting”. This is the tendency to abduct 
the shoulder while flexing the elbow, for 
example, when bringing the hand to the 
mouth. It may result from weakness of the 
shoulder external rotators or from co- 
contraction of shoulder abductors and elbow 
flexors after nerve regeneration.

 Bony Deformity

In the shoulder affected by BPBI, the size of the 
humeral head is almost universally reduced. This 
may contribute to the reduction in range of rota-
tion as impingement of the small humeral head 
on the glenoid could reduce the possible free-
dom of movement of the joint. There are vari-
able amounts of retroversion of the humeral neck 
and glenoid, which increase during growth [14–
16]. Posterior subluxation or dislocation of the 
shoulder may develop and is thought to be sec-
ondary to internal rotation contracture [16, 17]. 
The degree of glenohumeral deformity has been 
classified on the basis of computed tomography 
(CT) and magnetic resonance imaging (MRI) by 
Waters et al. [16] (Table 54.1) and Birch [18, 19]. 
Birch described posterior subluxation (simple), 
posterior dislocation (simple), and complex sub-
luxation/dislocation on the basis of clinical and 
radiographic findings.

For the purposes of this chapter, posterior 
dislocation is defined as complete displacement 
of the humeral head from the true glenoid into a 
“false” glenoid, which cannot be reduced with-
out soft tissue releases. Subluxation refers to a 
situation where the glenoid is flattened and retro-
verted. There may be two glenoid facets, with the 
humeral head subluxing into the posterior one on 
internal rotation but reducible to the true anterior 
facet with external rotation.

Nath and Paizi emphasised that the deformity 
after BPBI involves the whole shoulder girdle 
[20]. Based on CT imaging, hypoplasia of the 
scapula and clavicle, elongation of the acro-
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mion, and downward rotation of the scapula were 
described as well as subluxation of the humeral 
head. Downward rotation of the scapula results 
from abduction contracture of the glenohumeral 
joint and has been shown to be associated with 
atrophy of abductor muscles on MRI [13].

 Pathogenesis of Contractures 
and Bony Deformity

Traditionally it has been believed that soft tissue 
contractures develop at the shoulder after BPBI 
as a result of muscle imbalance. Hence relative 
weakness of the external rotators of the shoulder, 
innervated by C5 and C6, compared with sub-
scapularis and other internal rotators, innervated 
by C6, C7, and C8, in many cases of BPBI might 

allow an internal rotation contracture of the shoul-
der to develop. In a recent review of clinical and 
experimental evidence, Olofsson et al. concluded 
that muscle imbalance is not the only factor 
generating contractures [21]. Changes resulting 
from denervation which lead to impaired muscle 
growth appear to have an influence [22]. This 
mechanism is more consistent with the finding of 
a global reduction in shoulder movement seen in 
many cases of BPBI. Further experimental work 
has suggested that degeneration of muscle spin-
dles has a role in development of contractures. 
When comparing the effects of pre- and postgan-
glionic injury to nerve roots, there was less severe 
muscle contracture after preganglionic injury 
where afferent innervation is partially preserved 
and muscle spindles do not degenerate [23]. The 
exact mechanism of development of bony defor-

a

d e f

b c

g h

Fig. 54.2 (a–f) Clinical photographs of an adult patient 
with a history of right BPBI affecting the upper roots. He 
has had no surgical intervention. There has been good 
recovery of elbow flexion, but he has a minor flexion con-
tracture of the elbow. While there is almost full shoulder 
abduction, he has a marked internal rotation contracture of 

the shoulder and trumpeting. There is prominence of the 
superior angle of the scapula indicating an abduction con-
tracture of the shoulder (Putti sign). Internal rotation of the 
shoulder is adequate. There is limitation of forearm supina-
tion. (h–i) Anteroposterior and axillary lateral radiographs 
of the shoulder show no evidence of posterior subluxation

T. Hems
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mity at the shoulder is also unknown. Although 
soft tissue contractures and bony deformities are 
linked, there is not a close correlation between 
the severity of the two pathologies. Significant 
contracture can occur with little glenohumeral 
deformity.

 Investigations

Plain radiographs of the shoulder, both in antero-
posterior and axillary lateral views, help to define 
the degree of bony deformity. Both shoulders 
are imaged for comparison. The anteroposte-
rior views will typically show hypoplasia of the 
proximal humerus and downward rotation of the 
scapula, with more of the superior and medial 
borders of the scapula visible above the clavicle. 
On the axillary lateral of a normal shoulder, the 
centre of the humeral head (epiphysis) lies below 
the acromio- clavicular joint. Displacement pos-

a

d e f

b c

Fig. 54.3 Clinical photographs of a child aged 6 years 
with a history of right BPBI, Narakas group 2 with biceps 
recovery at age 6 months. No surgery has been carried out. 
Active and passive shoulder abduction (a, b). There is 

good external rotation of the shoulder but limited internal 
rotation (c, d). Forearm pronation is reduced and there is 
ulnar deviation of the wrist (e, f)

Table 54.1 Classification of glenohumeral deformity 
in BPBI based on CT or MRI findings (Waters et  al. 
[16])

Type
I Normal glenoid (less than a 5-degree 

difference in retroversion compared with 
that on the normal, contralateral side)

II Minimum deformity (more than a 5-degree 
difference in retroversion compared with 
that on the normal side, with no posterior 
subluxation of the humeral head)

III Moderate deformity (posterior subluxation 
of the humeral head, defined as less than 
35% of the head anterior to the bisecting 
line)

IV Severe deformity (a false glenoid)
V Severe flattening of the humeral head and 

glenoid, with progressive or complete 
posterior dislocation of the head

VI Dislocation of the glenohumeral joint in 
infancy

VII Growth arrest of the proximal aspect of the 
humerus
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teriorly indicates subluxation or dislocation, and 
there may be a windswept appearance of the 
humeral head (Fig. 54.4).

If operative intervention is being consid-
ered, then CT or MR scans may be obtained. 
Measurements of the degree of retroversion of 
the glenoid and subluxation of the humeral head 
can be made on axial images. For glenoid version 
a line is drawn parallel to the blade of the scapula 
and a second line along the line of the joint. To 
calculate the glenoid version, the angle in the 
posteromedial quadrant is measured and 90° 
subtracted. Normal glenoid version is approxi-
mately –5° [16]. The percentage of the humeral 
head anterior to the middle of the glenoid fossa 
is calculated by drawing a line along the great-

est diameter of the humeral head. The distance 
from the scapular line to the anterior margin of 
the humeral head is divided by the diameter of 
the head and expressed as a percentage. This 
measurement is approximately 50% in a normal 
shoulder. The lower the percentage, the greater 
the degree of posterior subluxation (Fig. 54.5).

 Nonoperative Treatment

Physiotherapy is usually recommended for all 
children with BPBI and is aimed at maintain-
ing the range of movement in the shoulder and 
other joints. Although there is no definite evi-
dence, I have the impression in our service that 

a

c d

b

Fig. 54.4 Anteroposterior (a, b) and axillary lateral radiographs (c, d) of both shoulders in a child with BPBI at age 
12 years. There is posterior dislocation of the right shoulder which has not been treated

T. Hems
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a b

c

e f

d

Fig. 54.5 Axial MR images of the right shoulder: at 
age 16 months, (a) glenoid version = 68–90 = −22°, (b) 
percentage of humeral head anterior to the middle of 
the glenoid fossa  =  7/21  ×  100  =  33%; the same child 
at age 6, (c) glenoid version  =  –23°, (d) percentage 

of humeral head anterior to the middle of the glenoid 
fossa = 4/27 × 100 = 15%, indicating that there has been 
increase in the degree of posterior subluxation; CT scan at 
age 8 comparing (e) affected shoulder with (f) the normal 
side
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when physiotherapy is started within the first few 
weeks of life, the chance of a fixed internal rota-
tion contracture of the shoulder and hence the 
need for surgery is lowered. After initial assess-
ment children are followed up to monitor whether 
the range of movement is improving or deterio-
rating. While manipulation under anaesthetic and 
botulinum toxin injection into the internal rotator 
muscles of the shoulder is an option before the 
age of 1  year, it is unlikely that this procedure 
will be effective in older children.

 Indications for Surgery

Indications for soft tissue rebalancing surgery on 
the shoulder up to the age of 5 or 6 years include:

• Internal rotation contracture with evidence of 
posterior subluxation or dislocation of the 
shoulder.

• Internal rotation contracture which is not 
improving or is deteriorating despite physio-
therapy. Active external rotation less than 0° 
(with the shoulder adducted) and passive 
external rotation less than 20° are thresholds 
at which to consider operation.

• Marked weakness of active external rotation 
in the presence of a good passive range.

It should be appreciated that surgery to 
increase the range of external rotation of the 
shoulder is likely to reduce the range of inter-
nal rotation, which may have major functional 
implications if the child cannot reach their waist 
or buttock [12, 24, 25]. Therefore, the range of 
active internal rotation should be assessed and 
taken into account in the decision to operate and 
the type of surgery performed. In cases where the 
degree of internal rotation contracture and bony 
deformity is less severe, then limitation of the 
range of internal rotation is a relative contraindi-
cation for operation. Hultgren et al. [26, 27] rec-
ommended that subscapularis lengthening should 
not be performed if the child has less than 70° of 
internal rotation. When posterior dislocation of 

the shoulder is identified at a young age, I would 
recommend operation for reduction, regardless of 
the range of internal rotation, as there is a good 
chance that a congruent joint can be obtained and 
hence more normal development of the shoulder. 
However, a simultaneous internal rotation oste-
otomy of the humeral head is performed (see sur-
gical techniques) [12].

If dislocation is not identified until the age of 6 
because of late referral, then reduction is unlikely 
to be successful because of the extent of second-
ary bony deformity. Palliative external rotation 
osteotomy of the humerus may be considered.

 Author’s Preferred Surgical Techniques
For children undergoing soft tissue rebalancing 
for the shoulder, an “à la carte” approach can be 
applied to manage variable indications. If there 
is an internal rotation contracture of the shoul-
der, the child is positioned supine with a sandbag 
under the chest on the affected side.

A deltopectoral incision is made. As well as 
developing the interval between the deltoid and 
pectoralis major to expose the coracoid and con-
joint tendon, the pectoralis major tendon is divided 
near its insertion (if latissimus dorsi transfer or 
humeral osteotomy is to be performed). Working 
on the lateral side of the conjoint tendon, the 
proximal humerus and subscapularis are exposed. 
Anterior release of the shoulder is carried out by 
dividing the coraco- acromial ligament, the shoul-
der capsule in the rotator interval, and the upper 
half of the subscapularis tendon as far medially as 
can be safely exposed. In most cases, where the 
shoulder is stable, this release is adequate to gain 
full external rotation. If a contracture remains or 
there is posterior dislocation of the shoulder, the 
lower half of the subscapularis tendon is divided 
more laterally near its insertion so making a 
Z-shaped tenotomy. The anterior shoulder capsule 
is opened. The subscapularis tendon is repaired by 
Z-lengthening at the end of the procedure using a 
non-absorbable suture.

If dislocated, the shoulder is reduced from the 
false glenoid to the true glenoid by externally rotat-
ing the humerus. The shoulder is then examined to 
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establish the stable range. Often the humeral head 
is stable on the true glenoid in external rotation 
but re-dislocates with internal rotation past neu-
tral. In order that the stable arc of shoulder rota-
tion is in the functional range, approximately 60° 
internal rotation to 30° external rotation, an inter-
nal rotation osteotomy of the proximal humerus 
may be necessary. The periosteum of the proximal 
humeral shaft is incised longitudinally taking care 
to remain below the proximal humeral epiphysis. 
The osteotomy site is selected and a four-hole 
2 mm or 2.7 mm mini- plate positioned. K-wires 
are inserted proximal and distal to the osteotomy 
site. The distal wire is angled laterally by the pre-
dicted amount of rotation, usually 40°–60°. An 
oscillating saw is used to make the osteotomy, and 
then the K-wires are lined up by internally rotating 
the distal segment. The amount of internal rota-
tion is checked. It should be possible to internally 
rotate the shoulder so that the forearm will rest 
on the abdomen without posterior subluxation or 
dislocation of the humeral head. The plate is then 
reapplied and secured with screws.

In order to strengthen external rotation, the 
latissimus dorsi is transferred onto infraspina-
tus. When an anterior approach has been made, 
the latissimus dorsi tendon is detached from the 
humerus through this exposure. A vertical inci-
sion is made on the posterior aspect of the shoul-
der running into the skin crease in the axillary 
fold. The posterior edge of deltoid is identified 
and mobilised to expose infraspinatus. The latis-
simus dorsi tendon is passed into the posterior 
incision and the muscle mobilised. The tendon is 
then attached near the insertion of infraspinatus 
with non-absorbable sutures.

If the child has no fixed internal rotation of 
the shoulder, then latissimus dorsi transfer may 
be performed to strengthen active external rota-
tion. In these cases the entire procedure can be 
accomplished through a posterior incision.

The pectoralis major tendon is repaired before 
skin closure. In order to maintain the release of 
the internal rotation contracture and reduction of 
the shoulder joint and protect the tendon transfer, 
a lightweight shoulder spica is applied with the 

shoulder just short of maximal external rotation, 
usually about 40°, and 45° abduction. The cast is 
removed after 6 weeks and physiotherapy started 
to mobilise the shoulder.

 Alternative Techniques

 Arthroscopic Release
An alternative to the open subscapularis release is 
arthroscopic release [25, 28]. With the child in a 
lateral position, posterior and anterior portals are 
established. The anterior capsular ligaments are 
released from their attachment to the glenoid and 
then the subscapularis tendon. Pearl found that 
tenotomy of the subscapularis and overlying cap-
sule was adequate to restore full passive external 
rotation in younger children [28]. For severe con-
tractures and older children, release of the rota-
tor interval was necessary. Kozin followed up 44 
children with MRI and clinical measurements a 
year after arthroscopic capsular release and sub-
scapularis tenotomy with or without tendon trans-
fers [25]. There were significant improvements in 
external rotation, Mallet scores, glenoid retrover-
sion, and the degree of posterior subluxation.

 Subscapularis Slide
An alternative to release or lengthening of the 
subscapularis tendon is release of the origin of 
the muscle from the blade of the scapula [18, 29, 
30]. The muscle is exposed through an axillary 
incision and then detached from the inner face 
of the scapula without opening the shoulder cap-
sule. The shoulder is stretched into full external 
rotation. The technique appears to be effective 
where there is mild limitation of external rota-
tion and no bony deformity. However, it is dif-
ficult to see how this approach can address the 
capsular tightness, which appears to make a sig-
nificant contribution to the contracture and bony 
deformity. Gilbert et al. reported a greater gain in 
external rotation and more reliable maintenance 
of the correction in children under the age of 
2 years [30]. Some cases failed because of unrec-
ognised articular deformities. Birch reported that 
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the procedure failed in the longer term in about 
a third of cases with recurrence of the internal 
rotation contracture and development of bony 
deformities [18].

 Glenoid Osteotomy
Traditionally soft tissue rebalancing procedures 
are not attempted for older children with pos-
terior dislocation or severe subluxation of the 
shoulder. A palliative external rotation osteotomy 
of the humerus may be considered. An alternative 
approach is an osteotomy of the glenoid to correct 
the retroversion [31, 32]. The procedure is usu-
ally combined with lengthening of the subscapu-
laris, if there is limited passive external rotation, 
and transfer of latissimus dorsi to infraspinatus.

Dodwell et al. recommend operation with the 
patient in a lateral position [31]. An extensive pos-
terior exposure of the shoulder is made including 
elevation of the posterior edge of the deltoid, to 
expose infraspinatus and teres minor. The interval 
between infraspinatus and teres minor is devel-
oped to expose the posterior aspect of the shoulder 
joint. Subperiosteal exposure of the neck of the 
scapula is performed preserving the suprascapu-
lar nerve. The joint capsule is opened vertically 
to visualise the alignment of the glenoid articu-
lar surface. An osteotomy is made in the neck of 
the scapula parallel to and 1 cm from the articular 
surface and deepened to just short of the anterior 
cortex. The osteotomy is then opened hinging the 
whole glenoid on the intact anterior cortex by an 
amount required to correct the glenoid retrover-
sion to neutral. This can be determined by measur-
ing preoperative CT or MR scans. A bone block 
of appropriate size to fit the opening of the poste-
rior cortex is obtained from the medial aspect of 
the scapular spine and wedged into the osteotomy. 
The capsule is closed. Di Mascio et al. reported a 
slightly different technique, described as a gleno-
plasty, where the osteotomy is made through the 
posterior cortex and the posterior glenoid margin 
is elevated bending articular surface to mould it to 
the humeral head [32].

There was an improvement in glenoid version 
of 26° in the series of 32 children with a median 
age of 6.8  years (range, 2.1–16.2) reported by 

Dodwell et al. [31]. The procedure is likely to be 
most applicable to a situation where the glenoid 
is flattened and retroverted allowing subluxation 
of the shoulder but without the false and true gle-
noid facets seen in true dislocation. These cases 
often respond poorly to soft tissue balancing 
alone. Reorientation of the glenoid can poten-
tially stabilise the joint.

 Salvage Procedures

If posterior dislocation of the shoulder is identi-
fied over the age of 6, then reduction is not usu-
ally attempted as the extent of bony deformity 
makes a successful outcome unlikely. Even in the 
absence of dislocation, internal rotation contrac-
ture in older children is less likely to respond well 
to soft tissue rebalancing procedures. External 
rotation osteotomy of the humerus to move the 
arc of rotation of the shoulder into a more func-
tional range may be recommended (the patient 
illustrated in Fig. 54.2 could benefit from exter-
nal rotation osteotomy). There will be some loss 
of internal rotation, and therefore the range of 
internal rotation should be carefully assessed to 
check that a reduction will not have major func-
tional consequences.

The osteotomy is performed in the midshaft 
of the humerus. A posteromedial approach to 
the humerus allows the incision to be made of 
the medial aspect of the arm where the scar is 
less visible. A longitudinal incision is made on 
the medial aspect of the upper arm. The ulnar 
nerve is identified, carefully dissected from the 
medial border of the triceps muscle, and retracted 
anteriorly. The shaft of the humerus is then 
exposed taking care to identify the radial nerve 
in the proximal part of the exposure. A plate is 
selected depending on the size of the patient and 
temporarily positioned. After marking the oste-
otomy site, K-wires are inserted above to guide 
the amount of rotation. A transverse osteotomy 
is performed with an oscillating saw. The distal 
segment is externally rotated, usually by 30°–40° 
before reapplying and securing the plate with 
screws.
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 Outcomes

Waters and Bae reported a series of mild-to- 
moderate glenohumeral dysplasia treated with 
transfer of latissimus dorsi and teres major 
and extra-articular soft tissue releases in chil-
dren with mean age of 42  months [33]. At a 
minimum of 2  years of follow-up, there were 
a global improvement in shoulder function and 
a slight improvement in the degree of glenoid 
retroversion and posterior subluxation. None 
of the patients had progression of the glenohu-
meral deformity. Therefore, soft tissue rebal-
ancing appears to prevent progression of the 
deformity.

For more severe glenohumeral deformity, 
Kambhampati et  al. reported outcomes for sur-
gery on 101 cases of posterior subluxation and 83 
of dislocation [34]. Operation included excision 
of the coracoid, Z-lengthening of the subscapu-
laris tendon, and medial rotation osteotomy of 
the humerus in selected cases. The mean range of 
active external rotation increased by 58°. There 
was failure of reduction of the joint in 20 cases. 
Avascular necrosis of the humeral head, con-
firmed radiologically, occurred in six children 
who presented with an irritable and stiff shoulder. 
Pain resolved within 6 months in all these cases.

In a series of 25 children who had an opera-
tion using the soft tissue rebalancing technique 
described above in the author’s unit, 9 shoulders 
were dislocated and 7 subluxed before operation 
[12]. Reduction was maintained at a mean fol-
low- up of 3.8 years in all cases except one, who 
had a full passive range of movement but contin-
ued to sublux on internal rotation. Mean active 
external rotation for the whole group increased 
from −21° to 32°, passive external rotation from 
26° to 67°, and total Mallet score from 12.8 to 
17.5. Mean active abduction was 111° and did 
not significantly improve after operation. Using a 
similar surgical approach, Hultgren et al. reported 
a series of 270 children with 1-year follow-up. 
Mean active external rotation increased by 85° 
[26]. Of the 105 patients with subluxed or dis-
located shoulders, 6 could not be reduced and 3 
required further surgery.

Although reduction of the shoulder at an 
early age allows more normal development of 
the shoulder joint (Fig.  54.6), shoulder func-
tion in the longer term is generally poorer than 
in cases where subluxation or dislocation did 
not occur (Personal observation) [26, 27]. There 
is no definitive evidence that eventual shoulder 
function is better than palliative external rotation 
osteotomy alone. However, an adult patient who 
develops shoulder pain associated with chronic 
dislocation represents an insoluble problem.

The author recommends simultaneous trans-
fer of latissimus dorsi +/− teres major in most 
cases in order to strengthen external rotation 
[12]. This appears to help stabilise the joint in 
cases where reduction is necessary. Pearl et  al. 
found more reliable maintenance of external 
rotation after arthroscopic release of internal 
rotation contracture if latissimus dorsi transfer 
was used [28]. However, Hultgren et al. found no 
greater improvement in external rotation if latis-
simus dorsi transfer was used over subscapularis 
lengthening alone [26].

Sibinski et al. emphasised the risk of deterio-
ration in internal rotation as a result of surgery 
to increase external rotation, which may have 
significant functional consequences (Fig.  54.7, 
[12]). Out of 25 cases, active internal rotation 
was worse in 9. Five, who had not had simulta-
neous internal rotation osteotomy, had significant 
functional impairment, and this was sufficiently 
severe in three to justify later humeral osteotomy. 
The risk of this problem appeared to be high-
est in cases who had a good passive range of 
external rotation, and muscle transfer alone was 
performed to increase active external rotation. 
Hultgren et al. did not recommend simultaneous 
internal rotation osteotomy, but at longer-term 
follow-up, 23 of 63 patients who had reduction 
of the shoulder had required delayed osteotomy 
[26, 27]. Abdel-Ghani et  al. reported a higher 
incidence of external rotation contracture of the 
shoulder (defined as inability to touch the abdo-
men with the wrist extended) if teres major and 
latissimus dorsi are transferred rather than latis-
simus dorsi alone and recommended that only 
latissimus dorsi should be transferred [24].
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Eismann et al. studied glenohumeral abduc-
tion contracture before and after soft tis-
sue rebalancing surgery. The contracture was 
unchanged, but greater glenoid retroversion was 
associated with worse abduction contracture 
after operation [13].

Longer-term outcomes suggest that there 
may be some deterioration of the gains in shoul-
der movement after soft tissue rebalancing pro-
cedures. Kirkos et  al. reported outcomes of ten 
cases of anterior release and transfer of teres 
major and latissimus dorsi with a mean follow-
up of 30  years [35]. The mean gain of 36.5° 

in active external rotation after operation was 
maintained for 10  years but then deteriorated 
in eight patients to a mean of 10.5°. There was 
radiographic evidence of degenerative change in 
the glenohumeral joint at long-term follow-up in 
some cases. Hultgren et al. reported outcomes of 
subscapularis lengthening with or without reduc-
tion of the shoulder with minimum follow-up of 
7  years [27]. A useful gain in external rotation 
had been maintained although the mean improve-
ment from presurgery of 66.5° was less than that 
at 1-year follow-up. The range of active abduc-
tion did not change at longer follow-up.

a

c d

bFig. 54.6 Anteroposterior 
(a, b) and axillary lateral 
radiographs (c, d) of both 
shoulders in a child with 
right BPBI at age 7. Open 
reduction for posterior 
dislocation of the right 
shoulder had been carried 
out at age 1 year. The 
procedure included 
subscapularis lengthening, 
transfer of latissimus dorsi 
and teres major, and 
internal rotation osteotomy 
of the proximal humerus. 
There has been good 
remodelling of the glenoid, 
and the humeral head is 
centred beneath the lateral 
clavicle similar to the 
normal side. There is still a 
degree of downward 
rotation of the scapula as a 
result of abduction 
contracture of the shoulder
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For isolated external rotation osteotomy of 
the humerus, a number of authors have reported 
improved function. In a series of 22 osteotomies 
through the humeral neck with mean follow-up 
of 14 years, there was a mean increase in active 
shoulder abduction of 27° and the arc of rotation 
of 25°. Ability to bring the hand to the mouth was 
improved [36]. Waters and Bae also performed 

the osteotomy through the humeral neck in chil-
dren with severe glenohumeral deformity with a 
mean improvement in external rotation of 64° and 
in aggregate Mallet score from 13 to 18 [37]. The 
greatest gains were in hand-to-mouth, hand- to- 
neck, and external rotation movement. Al-Qattan 
et  al. reported that the gain in external rotation 
after low rotation osteotomy was  maintained 

a

c d

b

Fig. 54.7 Clinical photographs of an adult with a history 
of left BPBI. Open reduction of the shoulder had been car-
ried out at age 15 months. There are 30° active shoulder 
external rotation (a) and almost full passive external rota-

tion (b). However, he is unable to internally rotate past 
neutral (c) and consequently cannot get his hand to his 
mouth (d)
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in the long term, but there was deterioration in 
shoulder abduction [38].

 Restoration of Shoulder Abduction
Most series reporting outcomes of surgery to 
increase external rotation of the shoulder, includ-
ing Sibinski et al. and Hultgren et al., have not 
shown a significant improvement in the range 
of active abduction [12, 26]. Vekris et  al. have 
recommended transfer of the trapezius onto the 
lateral aspect of the humerus, suggesting that 
more than 90° abduction can be achieved if some 
supraspinatus function is present [39].

 Elbow Deformity

Failure of recovery of the adequate elbow flexion 
is unusual after spontaneous recovery of BPBI [1, 
5, 6]. In the author’s unit, Hems et al. [5] studied 
children born before the service routinely offered 
nerve reconstruction for BPBI. Excluding cases 
who had made a full recovery within 1–2 months, 
152 children with persisting deficit were identi-
fied from the service database. Five had had 
undergone nerve exploration and repair. All chil-
dren managed without operation had recovered 
elbow flexion with only one having insufficient 
flexion to reach their mouth. None were consid-
ered to require late reconstruction to improve 
elbow flexion. In 130 cases the age at which elbow 
flexion started to recover had been recorded, with 
a mean of 4 months for Narakas group 1 injuries, 
6 months for group 2, 8 months for group 3, and 
12  months for group 4. The mean active range 
of elbow flexion measured in 44 cases was 138° 
and was similar between groups. Mean isometric 
elbow flexion strength at long-term follow-up, 
in 39 patients, was 63% of the normal side and 
again was similar in different groups. This cohort 
study shows that almost all cases of BPBI treated 
nonoperatively regain functional elbow flexion, 
although recovery occurs later in more severe 
lesions. The author’s service has continued to 
see new cases of older children and adults with 
a history of BPBI, who have not had access to 
nerve repair surgery. A similar pattern has been 
observed with only one child presenting with 

absence of active elbow flexion. Therefore recon-
struction to improve active elbow flexion is rarely 
required.

For cases where elbow flexion remains weak, 
reconstructive options include free vascularised 
transfer of the gracilis muscle, Steindler transfer, 
and bipolar transfer of latissimus dorsi [40] and 
pectoralis minor transfer. Gilbert et  al. reported 
the long-term results of a modified Steindler pro-
cedure carried out for poor active elbow flexion 
in 27 cases [41]. There were good results in 67% 
with a mean active elbow flexion of 97°. Results 
were more reliable if active wrist extension was 
present or had been restored by tendon transfer. 
For pectoralis minor transfer, Costil et al. found 
an improvement in the mean range of elbow flex-
ion from 81° to 111° [42]. They concluded that 
the procedure was reliable in children who had 
weak, but not absent flexion, before operation.

Within the author’s unit, microvascular free 
functioning transfer of gracilis has been used for 
cases of BPBI who have insufficient elbow flex-
ion after nerve reconstruction, using the method 
described by Kay et al. [43]. The muscle transfers 
are innervated by intercostal nerves (III–V) or 
fascicles from the ulnar nerve. For free function-
ing transfer of gracilis, Kay et al. achieved MRC 
grade 4 elbow flexion in 12 of 13 cases of BPBI 
although the range of flexion was unclear [43].

 Flexion Contracture of the Elbow

Many children with a history of BPBI develop 
fixed flexion of the elbow. There is no contrac-
ture at birth, but it develops during childhood. 
In most cases there is only a minor contracture 
of 10°–20°, but some children develop a more 
severe limitation of elbow extension of more than 
30°. Although function is not usually directly 
impaired, the elbow contracture affects the cos-
metic appearance of the upper limb with apparent 
shortening. Anterior or posterior dislocation of 
the radial head occasionally occurs in association 
with flexion contracture of the elbow (see fore-
arm section below).

Sheffler et al. investigated the occurrence and 
progression with age of elbow flexion contracture 
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in a large cohort of 319 patients with BPBI [44]. 
A contracture of ≥10° occurred in 152 (48%) 
with a median age of onset of 5.1 years. The con-
tracture was ≥30° in 54 cases. The prevalence of 
contracture increased with age but was not signif-
icantly associated with the extent of the brachial 
plexus injury. Experience from the author’s unit 
suggests that children with more extensive bra-
chial plexus lesions and those with poorer recov-
ery of shoulder movement are at greater risk of 
severe contracture ≥30° (Unpublished data).

The cause of the elbow flexion contrac-
ture remains uncertain. Experimental work in a 
mouse model suggests that impaired growth of 
the denervated biceps and brachialis muscle is a 
contributing factor [22]. If afferent innervation 
and hence muscle spindles are preserved after 
a preganglionic injury, the severity of contrac-
ture appears to be reduced [23]. Ballinger and 
Hoffer have discussed the possibility of flexion- 
extension muscle imbalance at the elbow, but this 
seems unlikely to be a cause of contracture as tri-
ceps is rarely paralysed initially and regains good 
power in all except the most severe cases of BPBI 
[45]. Pöyhiä demonstrated in an MRI-based 
study that elbow flexion contracture is associated 
with atrophy of the brachialis, brachioradialis, 
and supinator muscles [46].

Nonoperative treatments including splint-
ing or serial casting are sometimes recom-
mended for flexion contracture of the elbow 
after BPBI. Sheffler et al. treated children with a 
contracture of more than 30° with serial casting 
and reported a 31% improvement, but the con-
tracture continued to progress after treatment was 
stopped [44]. For less severe contractures, night 
time splinting was used. While not improving the 
contracture, the rate of progression was signifi-
cantly reduced.

Surgical release for severe elbow contracture 
may be considered although it is important that 
the strength and range of active flexion of the 
elbow is not compromised. Garcia-Lopez et  al. 
reported a small series of ten patients with con-
tractures of more than 35° treated by fractional 
lengthening of the anterior brachialis and biceps 
tendons. A mean gain in extension of 28° was 
maintained after a mean follow-up of 3 years [47].

Observations by Price et  al. indicate that, in 
addition to the soft tissue contracture, there are 
secondary changes in the bones of the elbow 
[48]. Bony overgrowth causes elongation, widen-
ing, and flattening of the olecranon. The enlarged 
olecranon then doesn’t fit into the shallow olec-
ranon fossa creating a block to full extension. 
As a result, they have developed a modified 
Outerbridge-Kashiwagi procedure in which the 
tip of the olecranon is shortened and narrowed. If 
the olecranon fossa is too shallow, it is deepened 
by making a hole through the distal humerus. If 
the anterior structures are tight, then intramus-
cular lengthening of biceps, release of the fascia 
over brachialis, and anterior capsulotomy of the 
elbow is performed. In a series of ten patients of 
mean age of 14  years with severe contractures 
(mean 51°) of the elbow, mean fixed flexion 
3  years after operation was 21°. Mean DASH 
scores improved from 39 to 22. All except one 
patient had an increase in the flexion arc of the 
elbow.

Vekris et al. have recommended arthrodiasta-
sis of the elbow using an external fixator in adult 
patients with flexion contracture of the elbow 
after BPBI [39, 49]. The soft tissues are gradually 
distracted without opening the elbow. In a series 
of ten patients with mean fixed elbow flexion of 
55°, full extension was gained after distraction. 
At final follow-up (minimum 1 year), the mean 
contracture was maintained at 8°.

 Restriction of Forearm Rotation

Although there is a full range of passive move-
ment after birth, most children with any remain-
ing deficit in the upper limb after BPBI develop 
some degree of limitation of forearm rotation 
during childhood, even when recovery of mus-
cle function appears good. In most cases this is 
a minor loss of pronation and supination which 
has little functional consequence. A few chil-
dren develop a more severe restriction which 
becomes progressively more fixed. This is more 
commonly a supination contracture which causes 
significant functional compromise. Sibinski et al. 
studied 56 patients at a mean age of 8 years who 
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had incomplete recovery after BPBI [8]. Active 
forearm rotation was more limited than passive 
movement, with active pronation less than nor-
mal in 48 children, active supination reduced in 
36, passive pronation in 22, and passive supina-
tion in 9. Greater limitations of active pronation 
and active and passive supination were signifi-
cantly associated with worse Mallet scores for 
shoulder function and Narakas group 4 lesions. 
Although supination is initially paralysed in most 
cases of BPBI, pronation is more often reduced 
in the longer term. In an MRI study, Pöyhiä found 
that reduced forearm rotation was associated with 
more atrophy of pronator teres [46].

 Supination Deformity

In a large cohort of cases, Yam et al. reported that 
supination deformity of the forearm occurred in 
6.9%, but was not seen in children with Narakas 
group 1 lesions [50]. There was an increas-
ing incidence in more severe lesions, 5.7% for 
Narakas group 2, 9.6% for group 3, and 23.4% 
for group 4. The deformity was first recorded at 
a median age of 5 years. The exact cause of supi-
nation deformity remains unclear, but it appears 
to be associated with poor recovery in C7 inner-
vated muscles including pronators of the forearm 
and the radial wrist flexors and extensors. As a 
consequence, there is often an associated ulnar 
deviation deformity of the wrist [50]. There may 
be secondary shortening of the interosseous 
membrane [51]. There is occasionally disloca-
tion of the radial head or distal radio-ulnar joint 
[50, 51].

Clinical assessment of the forearm includes 
careful measurement of the range of active and 
passive pronation and supination. This is done 
with the elbow flexed at 90° and the arm held 
against the trunk in order to exclude the influ-
ence of shoulder movement. A fixed supination 
contracture compromises function of the hand as 
many activities are performed with the forearm 
in neutral or pronated position. Cosmesis of the 
limb is also affected as the hand normally rests in 
neutral or slightly pronated position. Therefore, 
surgical intervention may be considered in 

order to improve the range of pronation if there 
is absence of active pronation beyond a neutral 
position and if the deformity is progressing. 
Surgery to strengthen pronation before the supi-
nation deformity becomes fixed may be advan-
tageous, but it is difficult to predict the extent 
to which the deformity will progress without 
intervention [40]. Before making a decision, an 
occupational therapy assessment is carried out to 
define what functions are impaired and how these 
might be improved by surgery. It is also impor-
tant to assess overall wrist and hand function, 
particularly to check that active wrist extension 
is adequate if the hand is brought into a pronated 
position.

The most commonly reported surgical option 
for improving active pronation of the forearm is 
lateral rerouting of the distal biceps [52]. If there 
is sufficient passive pronation, then this proce-
dure can be performed in isolation. If there is 
fixed supination, then rotation osteotomy of the 
radius is necessary. Release of the interosseous 
membrane has also been described.

 Author’s Preferred Technique
The child is placed supine on the operating table 
with the affected arm on a hand table. A tourni-
quet is applied to the upper arm. An S-shaped 
incision about 10  cm in length is made on the 
anterior aspect of the elbow centred on the elbow 
crease, with the proximal limb medially. The dis-
tal biceps tendon is exposed down to its insertion 
together with the radial neck, carefully preserv-
ing the lateral cutaneous nerve of the forearm 
and the radial nerve. The biceps tendon is split 
longitudinally over a length of 5–6  cm. One 
half is then detached from its insertion and the 
other half divided as high as possible. A passage 
is made around the neck of the radius. A suture 
is placed in the half which remains attached to 
the radial tuberosity, and the free end is passed 
behind the radial neck and retrieved on the lateral 
side (Fig. 54.8).

If an osteotomy of the radius is required, then 
a longitudinal incision is made over the antero-
lateral aspect of the forearm centred on the junc-
tion of the middle and distal thirds. A standard 
approach is made to the radius between bra-
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chioradialis and the radial artery. The superficial 
radial nerve is identified. An osteotomy site is 
planned at the junction of the middle and distal 
thirds of the radius. The periosteum is incised 
longitudinally and elevated. A four- or five-
hole plate is temporarily positioned and a screw 
inserted proximal to the osteotomy site. A quar-
ter tubular plate with 2.7 mm screws is usually 

an appropriate size for children aged 5–8 years. 
K-wires are inserted perpendicular to the bone 
above and below. The plate is removed and the 
osteotomy made with a small oscillating saw. The 
distal segment of the radius is then rotated using 
the K-wires as markers to achieve about 30–40° 
of pronation at the wrist. The plate is reapplied 
and secured with screws proximally and distally.

a b

c d

e f

Fig. 54.8 Operative photographs of correction of supina-
tion deformity of the forearm. (a) Incisions. (b) The inser-
tion of the biceps tendon is exposed at the elbow, and a 
suture is passed around the radial neck (in this case using 
a curved suction tube) (the hand is indicated on the right 
of the photograph). (c) The tendon is split longitudinally 
and divided leaving one half attached distally. (d) The dis-

tal tendon is passed around the radial neck, using the 
suture, to lie on the lateral side. (e) Continuity of the 
biceps is restored using a tendon weave and side by side 
suture. (f) Pronation osteotomy of the radius. Provisional 
positioning of the plate. K-wires are used as an indicator 
of the rotation
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Finally, continuity of the biceps tendon is 
restored by suturing the two halves side to side 
with a non-absorbable suture under moderate 
tension. The skin is closed. An above elbow plas-
ter of Paris or lightweight splint is applied with 
the elbow flexed at 90° and the forearm held in 
pronation and is retained for 4–6 weeks. Gradual 
mobilisation of the elbow and forearm is then 
allowed.

 Outcomes
In a series of 42 cases, Yam et al. found that prona-
tion osteotomy of the radius alone placed the hand 
in a more functional position and increased the 
arc of forearm rotation [50]. However, the supina-
tion deformity recurred in 40%. For radial oste-
otomy or osteoclasis, Bahm and Gilbert reported 
mean intraoperative rotation of 78° bringing the 
forearm into 29° pronation, with 17° pronation at 
mean 4 years’ follow-up [51]. There was recur-
rence of the supination deformity in 7 out of 23 
cases. In a systematic review and meta- analysis, 
Metsaars et al. found a 75° gain in resting position 
and 65° in passive pronation for osteotomy com-
pared with 79° gain in resting position for biceps 
rerouting [53]. Recurrence of deformity occurred 
in 20–40% of the osteotomy group but none of 
the tendon rerouting group. The improvement was 
greater in those with more severe deformities. In 
the author’s unit operation, which has usually 
included biceps rerouting and radial osteotomy, 
has been successful in achieving a stable resting 
position of the forearm in about 30° pronation, but 
there is little active pronation or supination move-
ment from this position.

 Alternative Surgical Approaches
Özkan et  al. have described an alternative pro-
cedure for children with loss of active prona-
tion, but full passive range, combined with ulnar 
deviation of the wrist [54]. The brachioradia-
lis is transferred to abductor pollicis longus to 
strengthen radial deviation of the wrist and the 
extensor carpi ulnaris (ECU) onto the distal ten-

don of brachioradialis to create a pronation force. 
Active pronation improved from -29° to 33° at 
mean follow-up of 21 months.

 Pronation Deformity
For children who lack active supination past neu-
tral, but have a full passive range, Amrani et al. 
have recommended operation to reroute the pro-
nator teres [55]. The tendon of pronator teres is 
divided in a Z-fashion, and distal end is passed 
behind the radius and through a window in the 
interosseous membrane, before suturing it to 
the proximal end. This manoeuvre converts the 
pronator into a supinator muscle. Amrani et  al. 
reported an improvement of the median range of 
active supination from 5° to 75° in a series of 14 
children who underwent operation at a mean age 
of 7.6 years [55]. There was no loss of pronation.

 Radial Head Dislocation
Anterior or posterior dislocation of the radial 
head occasionally occurs in association with 
restriction of forearm rotation and flexion con-
tracture of the elbow. The dislocation itself may 
not cause additional symptoms. Open reduction 
or excision of the radial head has been suggested 
[40]. Hoffer recommended transfer of the biceps 
tendon onto the proximal ulna for cases of ante-
rior radial head dislocation [56]. However, oth-
ers have cautioned against surgical intervention 
because of poor results [19, 57]. Excision of the 
radial head before skeletal maturity should be 
avoided because of the effect on growth [19].

 Wrist and Hand

Issues which can arise in the wrist after more 
severe cases of BPBI include failure of recovery 
of active extension and ulnar deviation deformity. 
Although wrist extension is paralysed initially in 
cases of BPBI involving the C7 and C8 roots, 
in the author’s experience, failure to recover 
adequate active extension is unusual. Careful 
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assessment often reveals relative weakness of the 
radial wrist extensors. Extension may be relying 
on the action of the finger extensors, but function 
is  satisfactory. Ulnar deviation of the wrist can 
result from this muscle imbalance and may be 
associated with supination deformity of the fore-
arm (see above). If there is no active wrist exten-
sion, then digital extension may also be absent. 
Chuang et  al. identified weak digital (metacar-
pophalangeal joint) and wrist extension among 
the most common deficits in their series of late 
presenting cases of forearm and hand deformi-
ties [58].

 Wrist and Digital Extension

If wrist extension is not adequate, then function 
of the hand is substantially impaired, and patients 
will usually benefit from surgery. Options are 
likely to be limited because few muscles in the 
forearm have sufficient strength for transfer. If 
flexor carpi ulnaris (FCU) is strong, then it may be 
transferred to extensor carpi radialis longus or bre-
vis (ECRL or ECRB) to strengthen wrist extension 
[59]. This procedure may also have the advantage 
of correcting ulnar deviation of the wrist.

If wrist and digital extension are absent, then 
wrist arthrodesis is a more predictable option. 
Consideration should be given to the conse-
quences of wrist fusion on digital extension, 
since hand opening may rely on wrist flexion. 
However, fusion of the wrist may make wrist 
motors available for transfer for digital exten-
sion, e.g. transfer of FCU to extensor digitorum 
communis (EDC) and palmaris longus to exten-
sor pollicis longus (EPL). Where possible, fusion 
should be delayed until or close to skeletal matu-
rity to minimise any effect on growth [40].

A standard technique is used for wrist fusion. 
The articular cartilage and subchondral bone are 
thoroughly removed from the surfaces of the 
radiocarpal and midcarpal joints. The fusion is 

then stabilised with a plate from the third meta-
carpal to the radius. The author usually positions 
the wrist in a neutral position rather than extended 
as this favours hand opening if digital extensors 
are weak. If tendon transfers are planned for digi-
tal extension, then these can be performed at the 
same time, avoiding direct contact of the tendon 
junctions with the fusion plate.

 Ulnar Deviation of the Wrist

If passively correctable, then this deformity may 
be controlled with a brace. For surgical correc-
tion Zancolli recommended tendon transfer for 
children who are still growing [40]. The ECU 
tendon is released from its insertion and passed 
through the interosseous membrane around the 
anterior aspect of the radius, deep to the radial 
neurovascular bundle, and sutured to the ECRL 
tendon. Özkan et  al. have described a similar 
technique using brachioradialis and ECU (see 
above, supination deformity of the forearm) 
(Fig. 54.9, [54]).

 Hand Function

Fortunately, digital flexion and some intrinsic 
function are present in all but the most exten-
sive BPBI cases. When impaired, reconstructive 
options are often limited as there are few avail-
able motors with sufficient strength for tendon 
transfers and there are few published reports of 
outcomes. Possibilities for improving thumb 
adduction deformity include transfer of ECU to 
abductor pollicis longus [39]. For finger inter-
phalangeal extension, distal advancement of the 
digital extensor mechanism or a “Lasso” proce-
dure may be considered. Weak finger flexion may 
be reinforced with transfer of a wrist extensor, if 
available; otherwise free muscle transfer may be 
the only option.
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